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Development of Nanoparticle Based Nicotine Vaccines for Smoking Cessation 

                                                                                      Yun Hu 

Abstract 

Cigarette smoking is prevalent worldwide and has consistently been the top preventable cause 

of many serious diseases. In recent years, nicotine vaccines that can induce production of nicotine 

specific antibodies in human have emerged as a promising medicine to treat tobacco addiction. 

However, traditional nicotine vaccine designs have many disadvantages, including low immunogenicity, 

low specificity, and short immune response persistence. To overcome the above limitations, in this study, 

various nanoparticle-based vaccine delivery systems have been developed and evaluated as potential 

delivery vehicles for vaccines against nicotine addiction.  

Firstly, a nicotine vaccine was synthesized by conjugating bovine serum albumin (BSA)-nicotine 

complex to the surface of nano-sized cationic liposome. Significantly higher anti-nicotine antibody titer 

was achieved in mice by liposome delivered nicotine vaccine compared with nicotine-BSA vaccine. 

Secondly, a novel nanoparticle (NP)-based delivery platform was constructed by incorporating a 

negatively charged nanohorn into cationic liposome. Marked improvement in stability in vitro and 

significant increase in titer of anti-nicotine antibodies were detected in nanohorn supported liposome 

(NsL) delivered vaccine than liposome delivered vaccine.  

Thirdly, lipid- poly(lactic-co-glycolic acid) (PLGA) hybrid NPs were constructed as vaccine delivery 

system. Preliminary results showed that PLGA-lipid hybrid NPs exhibited improved stability, better 

controlled release of antigens, as well as enhanced uptake by dendritic cell (DC). A lipid-PLGA hybrid NP 

was also developed that was structurally responsive to low pH challenge. The lipid shell of the hybrid 
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nanoparticle was rapidly disintegrated under a low pH challenge, which resembles the acidic 

environment of endosomes in DCs.  

In the final study, hybrid NPs with various cholesterol concentrations were constructed. Slower 

and more controlled release of antigens in both human serum and phosphate buffered saline were 

detected in nanoparticles with higher cholesterol content. However, nanoparticles containing higher 

cholesterol showed poorer stability due to increase fusion among NPs. It was later found that 

PEGylation of NPs can effectively minimize fusion caused size increase after long term storage, leading 

to improved cellular uptake. 

The findings from this study on the nanohorn-lipids based nicotine vaccine as well as lipid-PLGA 

hybrid NPs may provide solid basis for future development of lipid-PLGA based nicotine vaccine.  
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Chapter I: Introduction 

Cigarette smoking has been a leading preventable cause of many fatal diseases in the past 

decades, resulting in loss of more than 400,000 lives and about two hundred billion dollars in the United 

States each year. [1] Almost every smoker once has attempted or now is trying to quit smoking, but 

unfortunately, the overall success rate is less than 3% without medical treatment. [2] As the major 

addictive component in tobacco, nicotine can be transported to brain during smoking and can enhance 

dopamine release, providing euphoric feeling to smokers. Abstinence from nicotine can cause various 

withdrawal symptoms, including craving for tobacco, irritability, anxiety, difficulty in concentrating, and 

restlessness. All of these compromise attempts for quitting smoking. [3] Therefore, it is urgent to 

provide effective medications to alleviate such symptoms and increase the success rate of smoking 

cessation. Currently, numerous pharmacological medications for smoking cessation, including six types 

of nicotine replacement therapies (NRTs), bupropion, and varenicline are available on market to 

smokers. [4] These pharmacological interventions work in different ways, including substituting nicotine 

from cigarette with artificial nicotine sources, minimizing nicotine withdrawal-caused depression, and 

blocking interaction between nicotine and nicotinic receptor in the brain. [5] Although these 

medications prove somewhat effective in helping smokers stop smoking, the overall success rate is less 

than 30%, and a variety of side effects, such as skin irritation, increased risk of certain cardiovascular 

diseases, suicide attempts, and headache are associated with their usage. [6-8] Moreover, these 

medications have to be used very frequently for a long time (ranging from weeks to months) in order to 

achieve the desired outcome. This causes much inconvenience to patients’ daily life and work. [9] In 

addition, the high cost of these treatments may be a big economic burden to low income users. [10]  
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Therefore, it is necessary to develop more effective, safer, more convenient, and less expensive 

medications for smoking cessation. Fulfilling these requirements, nicotine vaccine has emerged as a 

promising strategy against cigarette smoking in recent years. [11] Nicotine vaccine is designed to 

produce nicotine specific antibodies, which can bind to nicotine molecules in plasma and prevent them 

from crossing the blood brain barrier, thereby eliminating the rewarding effect that nicotine can elicit 

during smoking. [12] Nicotine with a molecular weight of 162.23 g/mol is too small to elicit an immune 

response. Therefore, in typical nicotine vaccine design, nicotine derivatives are usually associated with 

much bigger carriers to activate the immune system. [13] In the past decade, there have been a couple 

of nicotine vaccines tested in human clinical trials, including NicVAX®, TA-NIC®, NIC002®, Niccine®, and 

SEL-068®. [14] Unfortunately, right now, none of these vaccines is approved by FDA for clinical use 

mostly due to low efficacy. The first four belong to the first generation nicotine vaccines, which use 

proteins or virus-like particles as carrier for nicotine hapten presentation. These vaccines have several 

common disadvantages, including low specificity, low immunogenicity, short persistence of immune 

response, and high cost. In contrast, SEL-068®, using synthetic nanoparticle as delivery system, is 

considered a next generation nicotine vaccine. [15] Using nanoparticles as a vaccine delivery platform 

for the nicotine molecule or other drug molecules has some attractive advantages: first, the 

bioavailability of vaccine to immune cells is improved; second, it is possible to co-deliver both antigen 

and molecular adjuvants to the immune system, enhancing the immune response and minimizing 

potential systemic cytotoxicity of adjuvants; third, degradation of nanoparticles is slower and more 

controllable compared to proteins, making it possible to tune the duration of immune response; fourth, 

synthetic nanoparticles made from lipids, PLGA are biocompatible, and biodegradable, minimizing safety 

concerns; fifth, it is simpler to delivery different antigens simultaneously using nanoparticles.  

In our study, we tested the performance of different types of nanoparticles for their ability to 

enhance immunogenicity of nicotine vaccine. In chapter III, a nicotine vaccine was constructed by 
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conjugating BSA-nicotine complex to liposome, and the immunogenicity as well as safety of this vaccine 

on mice were evaluated. In chapter IV, a negatively charged nanohorn as scaffold support was 

incorporated into cationic liposome to improve the stability of the delivery system. The physicochemical 

properties and in vitro stability of nicotine vaccine using negatively charged nanohorn support liposome 

as a delivery vehicle were characterized, and the immunogenicity and safety of this vaccine were also 

evaluated on mice. In chapter V, numerous lipid-PLGA hybrid nanoparticle based vaccine delivery 

systems of varying surface charges were constructed, and the physicochemical properties of those 

vaccine carriers were characterized. In addition, the uptake of these hybrid nanoparticles by dendritic 

cells was studied in vitro. In chapter VI, in order to achieve the dual goal of high stability of nanovaccine 

during circulation and rapid activation of immune system after internalization of vaccine by immune 

cells, a pH sensitive lipid-PLGA hybrid nanoparticle was devised, and its antigen release profiles were 

studied both in physiological environment and low pH environment in vitro. In chapter VII, lipid-PLGA 

hybrid nanoparticles containing various amount of cholesterol in a lipid layer were made, and their 

antigen release profiles as well as uptake by dendritic cells were studied. Chapter VIII is a general 

conclusion of this work.  
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Chapter II: Literature Review 

Nicotine vaccine --- a new strategy for smoking cessation 

The negative impacts of tobacco use 

Tobacco, which was initially used by the Native Americans primarily for ceremonial and religious 

purposes, was brought back to Europe by Columbus. [1] Since then, tobacco was widely used in Europe 

in the form of snuff and pipe tobacco. In the late 1800s, the modern tobacco industry was started with 

the invention of a cigarette-making machine in the United States. Aggressive sales of cigarettes began in 

the early 1900s by the American Tobacco Company, which used highly successful marketing strategies 

and misleading advertisements. [1, 2] Nowadays, there are approximately 1.5 billion smokers worldwide, 

and cigarette smoking is prevalent in almost every country on Earth, regardless of the stage of economic 

development. [3] Currently, in the U.S.A., an estimated 42.1 million people, or 18.1% of all adults (aged 

18 years or older), smoke cigarettes. Cigarette smoking is more common among men (20.5%) than 

women (15.8%) in the United States. [4] In developing countries, for instance in China in 2010, 

estimated 301 million, or 28.1% of adults (52.9% of men and 2.4% of women) were smokers, making this 

country the largest consumer of tobacco in the world. [5]  

At the beginning years of cigarette use, the association between smoking and diseases was 

overlooked, and cigarette use was considered safe, or even helpful to human health due to the 

deceptive advertisements of tobacco companies. [6] However, during late 1930s, it was suggested that 

smoking potentially caused lung cancer, and a follow-up study of families reported that smokers did not 

live as long as non-smokers. [7, 8] In the 1960s, authoritative government agencies both in the United 

States and the United Kingdom concluded that cigarette smoking was a cause of lung cancer and chronic 

bronchitis. [1] Later in depth studies found that the combustion of cigarettes can produce over 7000 
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compounds in the gaseous and particulate phases, including carbon monoxide and well known 

carcinogens, such as benzene, formaldehyde, and polonium. These toxic components can accumulate to 

remarkable levels in the human body after frequent and long term smoking. [9] The impact of smoking 

on promoting fatal diseases is astonishing. For example, smoking can increase the risk for coronary heart 

disease by 2 to 4 times, stroke by 2 to 4 times, and lung cancer by at least 25 times. [10, 11] So far, 

smoking has been linked to dozens of diseases, including cardiovascular diseases, cancers, respiratory 

diseases, mental illness, and reproductive diseases. [10, 12]  

Today, it is widely known that lung cancer is one of the top preventable cancers caused by 

smoking. In the year 2011 alone, 207,339 people in the United States were diagnosed with lung cancer, 

including 110,322 men and 97,017 women, and 156,953 people in the United States died from lung 

cancer, including 86,736 men and 70,217 women. [13] Among these lung cancer patients, more than 

7,300 non-smokers die each year from lung cancer caused by secondhand smoke. [14] Besides lung 

cancer, worldwide, tobacco smoking also accounts for 42% of oral and oropharyngeal cancer, 42% of 

esophageal cancer, 13% of stomach cancer, 14% of liver cancer, 22% of pancreatic cancer, 70% of 

trachea, bronchus, and lung cancers, 2% of cervical cancer, 28% of bladder cancer, and 9% of leukemia. 

[15, 16] The harmful impact of smoking on fecundity and reproduction has also become apparent in 

recent years, but does not gain enough attention. Approximately 30% of reproductive age women and 

35% of reproductive age men in the United States smoke cigarettes. [17] Generally, the negative 

influence of smoking on reproduction can be summarized to the following points: up to 13% of infertility 

may be attributable to cigarette smoking; smoking may accelerate the loss of reproductive function; 

smoking can increase risks of spontaneous abortion and ectopic pregnancy; tobacco use is also 

associated with high rates of long and short term morbidity and mortality for mother and child; there is 

a positive correlation between maternal smoking during pregnancy and childhood obesity. [17-19] The 

detrimental effects of cigarette smoking on neural system have been systematically investigated. Brain-
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imaging studies on the influence of smoking on neural systems show that there are alterations of both 

gray matter and white matter in smokers. [20-22] Strong epidemiological data suggest that there is a 

positive correlation between smoking and increased rates of different kinds of psychiatric disorders, 

including schizophrenia, cannabis use, major depressive disorder, attention deficit hyperactivity disorder, 

and posttraumatic stress disorder.[20, 23-25]  

Overall, in the United States, tobacco use remains the single largest preventable cause of death 

and disease.[26] Approximately 440,000 U.S. adults die from smoking-related illnesses annually, and the 

economic loss caused by smoking is enormous, including $133 billion in medical expenses and $156 

billion in lost productivity each year. [10, 27, 28] Worldwide, tobacco use causes more than 5 million 

deaths per year, and current trends show that tobacco use will cause more than 8 million deaths 

annually by 2030. [29]  

The mechanism underlying smoking addiction 

Though smoking is apparently detrimental to human health, more than 3,200 persons younger 

than 18 years of age start their first cigarette each day, and an estimated 2,100 young occasional 

smokers become daily cigarette smokers in the United States. [10] One question has to be asked is why 

cigarette smoking is so attractive and addictive to people? Substantial evidences from a wide range of 

studies indicate nicotine is the major addictive component that drives continued use and causes long 

term addiction to cigarette despite the harmful consequences. [30-32] Nicotine is an alkaloid present in 

tobacco leaves and in lower levels in other plants such as eggplant, tomato, potato, and green pepper, 

where it acts as a natural insecticide.[20] On average, each cigarette contains 10-15 mg of nicotine, and 

1.5 mg of this will be inhaled into human body during smoking, enabling high levels of nicotine reach the 

brain in 10–20 s after a puff. [33, 34] Nicotine initiates its action by binding to nicotinic acetylcholine 

receptors (nAChRs), which belong to a superfamily of ligand-gated ion channels.[30, 35] The binding of 
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nicotine to nAChRs opens the ion channels and allows the entry of sodium or calcium into nerve cells, 

leading to the release of neurotransmitters. [36, 37] Among the actions that can occur subsequent to 

this binding, is the release of dopamine from other neurons. Dopamine signaling causes an experience 

of euphoria and is critical for the reinforcing effects of nicotine and other drugs of abuse.[36, 38] 

Meanwhile, nicotine exposure can also promote glutamate release by stimulating glutamatergic neurons, 

facilitating the release of dopamine, thereby increasing excitation of dopaminergic neurons and 

enhancing responsiveness to nicotine. [36] Other neurotransmitters such as hypocretins and 

neuropeptides that regulate the stimulatory effects of nicotine on reward centers in the brain are also 

potentially involved in nicotine addiction. [39] Abstinence from nicotine among smokers can cause 

withdrawal symptoms, such as irritability, depressed mood, restlessness, and anxiety, which drive 

smokers to maintain sufficient levels of plasma nicotine to prevent withdrawal symptoms through 

continued smoking. [40, 41] 

Pharmacological medications for aiding smoking cessation  

Substantial studies have shown that it is never too late to stop smoking. [42, 43]  Smoking 

cessation can drastically reduce the death risks caused by cardiovascular and lung diseases among 

smokers, and the survival rate of smokers with various cancers can be significantly increased by quitting 

smoking.[44-48] However, quitting is always easy to say and hard to do. Most of the smokers (75%) in 

the United States want to quit smoking, but only 3% of them can achieve long-term abstinence without 

aid from smoking cessation medications. [49, 50]  

Nicotine replacement therapy (NRT) 

Since nicotine is the major component of cigarette that is responsible for smoking addition, it is 

reasonable to develop medications that target nicotine dependence. Currently, the most commonly 

used pharmacotherapy against nicotine dependence is NRT. [51] In the United States, there are six FDA 
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approved NRT products available to smokers, including nicotine gum, nicotine lozenges, nicotine 

sublingual tablets, nicotine vapor inhalers, nicotine nasal spray, and nicotine transdermal patch systems. 

[52, 53] Generally, the mechanisms underlying the efficacy on smoking cessation of NRT products 

include the following: first, they can reduce withdrawal symptoms, helping smokers feel comfortable 

without a cigarette; second, they can reduce the rewarding effect of cigarette-delivered nicotine; third, 

they can provide smokers euphoric feelings, which used to be obtained from smoking. [53]  

Overall, when used alone, the success rates on smoking cessation for NRT products are around 

20%, which is higher compared to smokers taking placebo. [54] The efficacy of these products is greatly 

influenced by how they are used. For example, chewing is important to nicotine gum efficacy. Nicotine 

containing saliva must be retained in mouth long enough to allowing sufficient amount of nicotine to be 

adsorbed across the buccal mucosa, otherwise nicotine molecules delivered by gum may be metabolized 

in the liver and lose their function. [55] Another example is the nicotine inhaler. The amount of nicotine 

that smokers can acquire from the inhaler is decided by both the depth of inhalation as well as the 

environmental temperature. Larger amounts of nicotine molecules can be delivered under higher 

ambient temperature. [56, 57] More often than not, smokers cannot get enough nicotine from one 

single product, and therefore, different formulations of NRT products are advised to be used in 

combination to increase nicotine bioavailability. Commonly, the nicotine patch is combined with other 

nicotine products, and such a practice has been proven more effective than any single type of NRT. [58]  

Though commonly and widely recommended as an aid for smoking cessation, NRT has its own 

limitations. First, its success rate is moderate, and not very appealing to smokers who want to quit 

smoking. Second, smokers have to apply these products very frequently. For example the nicotine patch 

has to be used every day, and users are instructed to chew nicotine gum every 1-2 hours. [53] Smokers 

may think it is inconvenient or even boring to receive this treatment at such high frequency. Third, it 
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usually takes smokers several weeks, or even months to achieve long term abstinence. [59] It is difficult 

for smokers to follow the medical instruction outside clinical settings over a long period, resulting in 

unplanned usage of NRT or even quitting medication. Fourth, NRT is not perfectly safe for humans. 

There are also NRT related adverse effects. For instance, skin irritation was shown to be associated with 

the nicotine patch; oropharyngeal complaints were reported after using nicotine gum. [60] 

Varenicline  

Besides NRT, there are two other pharmacotherapy products for smoking cessation approved by 

the FDA in the United States. These are varenicline and bupropion. [61] Varenicline, developed by Pfizer, 

Inc. and marketed as Chantix®, is a partial agonist of the α4β2 nicotinic receptor and a synthetic analog 

of cytisine, which was approved as a smoking cessation drug in 2006 in Eastern Europe. [62, 63] As a 

partial agonist of the α4β2 nicotinic receptor, varenicline can partially block receptor stimulation by high 

levels of nicotine delivered by smoking, thereby lowering dopamine release and reducing the rewarding 

effects of nicotine. [64] Moreover, it can weakly activate the nicotinic receptor and stimulate dopamine 

release, thus reducing craving and withdrawal symptoms during abstinence. [65] Compared to NRT, 

varenicline is more successful in aiding smoking cessation in terms of long term abstinence rates. [66] A 

wide range of studies demonstrated that varenicline can achieve abstinence rates around 30%, which 

are three times higher than placebo. [67-69] Despite the significantly greater efficacy of varenicline 

compared to NRT, varenicline has been found to cause considerable adverse side effects. [70, 71] Some 

of the side effects, including nausea, abnormal dreams, and insomnia, led to some patients 

discontinuing treatment during clinical trials among some patients. [72]   A long term (52 weeks) study 

on the adverse effects of varenicline found that the dropout rate of patients who were using varenicline 

was 28.3%, which was significantly higher than 10.3% in the placebo group. [46] In addition, varenicline 

is also associated with more severe adverse side effects, such as developing and worsening symptoms of 

cardiovascular disease, suicidal intentions, and suicide attempts. [73, 74] Due to these adverse effects, 
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the FDA in 2009 required varenicline to carry a black box warning, and issued a safety announcement 

that the use of varenicline may increase risk of certain cardiovascular adverse events in patients with 

cardiovascular disease. [75] 

Bupropion 

Bupropion, initially used as an antidepressant drug, was found to be effective as an aid for 

smoking cessation and was marketed as Zyban®. [76, 77]  Although the exact mechanism underlying the 

efficacy of bupropion on smoking cessation is not clearly understood, it was presumed that bupropion 

inhibits dopamine and norepinephrine reuptake in both the mesolimbic dopaminergic system and the 

locus ceruleus of the brain, thereby reducing the rewarding effect of tobacco smoking. [78] It was also 

suggested that bupropion acts as smoking cessation aid by reducing depression during abstinence. [77] 

The efficacy of bupropion is dose-dependent, and it has been documented that smokers using 

bupropion with a daily dose of 100 mg, 150 mg, or 300 mg achieved 1.42, 1.69, and 2.84 times higher 

abstinence rates compared to smokers on placebo. [79] One clinical trial showed that the combination 

of bupropion and a nicotine patch achieved significantly higher abstinence rate (35.5%), compared to 

16.4% for the nicotine patch alone, and 30.3% for bupropion alone. [80] Like other pharmacotherapy 

products for smoking cessation, bupropion has its own adverse effects, including dry mouth, insomnia, 

anxiety, nausea, headache, and even seizure risk. [77, 81] Due to the potential health risks posed by 

bupropion, the FDA also requires a black box warning on its label and suggests careful monitoring of 

adverse effects among users. [82, 83]  

In conclusion, pharmacotherapies, including NRT, bupropion, and varenicline, have some innate 

limitations for smoking cessation. First, the abstinence rates achieved by these medications are 

relatively low, from 5% to 20%; second, the treatment time is too long, from several weeks to several 

months; third, adverse effects from moderate degree to severe degree are associated with 
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pharmacotherapies; fourth, the high cost (around $3500 for each treatment) of pharmacotherapies may 

not be acceptable to low income groups. [84] Therefore, medications with greater efficacy, better safety, 

and lower cost are highly demanded for smoking cessation treatment. 

Nicotine vaccines 

One promising candidate for smoking cessation is nicotine vaccine, a product designed to induce 

the immune system to produce highly specific antibodies against nicotine. [85] It is assumed that 

nicotine specific antibodies can bind to nicotine molecules, sequester them in blood stream, thus 

reducing the amount of nicotine that can pass brain barrier and activate the rewarding system. [86] 

Theoretically, nicotine vaccine will have several advantages over traditional pharmacotherapies, 

including persistence of antibodies over several months, ensuring long term efficacy. This means daily 

administration is not required, and only several injections are needed to achieve the desired 

effectiveness, reducing the need for adherence to a dosing regimen. Furthermore, the antibodies 

produced by the vaccine are less likely to be self-reactive, the vaccine components are non-toxic, and no 

severe adverse side effects are predicted, ensuring its good safety. In addition, the cost of nicotine 

vaccine is much lower than traditional medications, making it affordable to low income patients.  

Nicotine is a small molecule and unable to elicit humoral immune response, and therefore 

nicotine haptens are always associated with carrier proteins or peptides to make previously non-

immunogenic nicotine analogues visible to the immune system and generate nicotine-specific antibodies. 

[87] To date, several nicotine vaccine candidates have been tested in human clinical trials, including 

NicVAX®, TA-NIC®, NIC002®, Niccine®, and SEL-068®. [88]  

NicVAX® 

NicVAX® is constructed by linking 3’-aminomethylnicotine (3’-AmNic) to recombinant 

Pseudomonas aeruginosa exoprotein A (rEPA) via a succinyl linker.[89] This vaccine is being developed 
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by Nabi Pharmaceuticals and GlaxoSmithKline and has completed two Phase III studies. The Phase II 

clinical studies in the US showed promising result: 33% of the smokers quit smoking for at least 30 

consecutive days after four injections of NicVAX® at doses of 200 µg each. Greater reduction in cigarette 

consumption was also observed in smokers receiving a higher dose of NicVAX® than those who received 

a lower dose of vaccine and placebo.  In the Phase IIb study, 16% of the smokers who received 5 

injections of 400 µg NicVAX® each achieved 12 months continuous abstinence. [88] Although NicVAX® 

exhibited acceptable safety and tolerability profile in the Phase III trials, no significant difference was 

observed in the abstinence rate between the vaccine and placebo (11% for both vaccine and placebo), 

indicating the failure of the clinical trials. [90] 

TA-NIC® 

TA-NIC®, developed by Xenova/Celtic Pharma, is a conjugate of hapten nicotine N1-butryic acid 

and cholera toxin B carrier protein. [91] In Phase II studies, 16 smokers in each group received 50 µg, 

250 µg and 1000 µg, respectively, of TA-NIC® by intramuscular injection at 0, 2, 4, 6, 8, 12, and 32 weeks. 

43% of the smokers injected with TA-NIC® reported abstinence at week 6, while 9% receiving placebo 

achieved abstinence. The efficacy of the vaccine was dose-dependent. 8% of the smokers receiving 50 

µg doses stayed abstinent at 12 month, compared to 19% and 38% of those who received 250 µg and 

1000 µg doses, respectively. Moreover, TA-NIC® appeared to encourage smokers to attempt quitting, 

because 95% of the smokers attempted to quit in vaccine group, while only 73% of the participants tried 

to quit smoking. [88] 

NIC002® 

NIC002®, developed by Cytos/Novartis in Switzerland, follows a similar design as TA-NIC® and 

NicVAX®, except that carrier proteins are substituted by a virus-like particles (VLPs) assembled from 

synthetic capsid derived from phage Qβ. [92] In the Phase I study, 100% of the participants who received 



15 

 

NIC002® developed a nicotine-specific antibody response by day 14, and no severe adverse effects were 

observed. [93] In a Phase II study, NIC002® showed high safety to users, as only mild fever and flu-like 

symptoms were detected. Participants were divided into low, medium, and high responders according 

to the antibody levels at the end of the study, and the abstinence rate of high responders was the 

greatest with 41.5% of the participants with high anti-nicotine antibody level achieving 12 months 

abstinence. [94] In another clinical study, smokers were repeatedly injected with 100 µg of NIC002® five 

times weekly or five times bi-weekly or five times monthly, but unfortunately, insufficient antibody 

levels were achieved among participants, and no significant abstinence rate increase was observed 

compared to the placebo group. [88] 

NICCINE® 

Niccine®, developed by Independent Pharmaceutica, is another protein hapten conjugate 

vaccine, in which the IP18 nicotine epitope is coupled to tetanus toxoid. [95] In a Phase II study, Niccine® 

was tested for its efficacy against relapse prevention. In the study, 40 µg Niccine® was given to smokers 

on days 0, 28, 56, 90, 150, and 210, and smokers were also treated with varenicline between days 56–98 

to aid smoking cessation. At 12 months, non-relapse rate was 43.3% in Niccine® group, while placebo 

group had a non-relapse rate of 51.1%, suggesting that Niccine® was not beneficial. No severe adverse 

side effects were observed in vaccine treated smokers. Although the nicotine-specific antibodies were 

increased after repeated vaccine injections, it is highly possible the antibody levels were not sufficient 

enough for relapse prevention. Due to the failure of the Phase II clinical trial, the producer has 

withdrawn this vaccine from future development. [96] 

SEL-068® 

SEL-068®, developed by Selecta Biosciences, is considered a next generation nicotine vaccine. 

[97] According to limited reports on this vaccine, SEL-068® is a synthetic nanoparticle based nicotine 
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vaccine composed of four major components, including a biodegradable and biocompatible polymer 

matrix, a synthetic Toll like receptor (TLR) agonist, a novel universal T-cell helper peptide and nicotine 

covalently conjugated to the nanoparticle surface. [98, 99] As introduced by the developer, SEL-068® has 

the following attractive characteristics: [99] first, the nanoparticles are designed to flow freely to the 

lymph nodes, enabling direct and concomitant delivery of all required components to the responsive 

cells of the immune system; second, encapsulation and controlled release of the TLR agonist in the 

nanoparticle minimizes the generation of systemic inflammatory cytokines, improving the overall safety 

profile and enabling the use of novel adjuvants; third, the novel universal T cell helper peptide used in 

SEL-068® elicited T cell recall responses in peripheral blood mononuclear cell (PBMC) from a broad panel 

of human donors. In preclinical trials, this vaccine showed excellent safety. The efficacy of SEL-068® was 

found to be dose dependent, and robust immune responses generating high-titer and high-affinity 

antibodies have been reported in mice and nonhuman primates. [99] In November 2011, SEL-068® 

launched Phase I studies in 80 healthy volunteers to test the safety and dose-dependence of 

immunogenicity. However, to date, no results from the Phase I study have been reported. In 2014, 

Selecta Bioscience received 8.1 million dollars from NIH to continue mid-stage clinical studies of SEL-

068®.  

Conclusion 

Tobacco use is the biggest single preventable cause of many life threatening diseases, which 

currently are causing over 6 million deaths worldwide and countless economic losses each year. 

Pharmacological interventions, such as NRTs, bupropion, and varenicline are available to smokers for 

aiding smoking cessation. Generally, these medications target different withdrawal symptoms during 

smoking cessation. For example, NRTs can reduce craving for nicotine, bupropion alleviates depression, 

and varenicline is able to reduce rewarding effect of nicotine as well as provide minimal stimulation to 
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the central nervous system. Traditional pharmacological medications have proven helpful for smoking 

cessation, but the overall success rate is moderate (less than 30%) and the adverse side effects cause 

increasing concerns for their safety. Nicotine vaccines, which can produce nicotine specific antibodies 

and block the entrance of nicotine to brain, have being tested as a new option for helping people quit 

smoking. Extensive preclinical trials on animals have been carried out to test the efficacy and safety of 

nicotine vaccines, and the results are promising. Several nicotine vaccine candidates have even been 

advanced into human clinical trials, including NicVAX®, TA-NIC®, NIC002®, Niccine®, and SEL-068®. 

However, the first three traditional nicotine vaccines, which use hapten-protein conjugate as 

immunogen, were not effective in helping smoking cessation. In contrast, SEL-068®, which uses 

synthetic nanoparticle as delivery systems has shown many unique advantages over traditional carrier 

protein and virus-like particle based vaccines. The application of nanoparticle as nicotine vaccine carrier 

may enhance immunogenicity, improve specificity, and lengthen persistence of immune response; 

moreover, synthetic nanoparticles are biodegradable and biocompatible, minimizing possible adverse 

side effects.  
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Abstract: 

A number of vaccines conjugating nicotine haptens with carrier proteins have been developed 

to combat nicotine caused tobacco dependence. Some vaccines, such as NicVAX®, NicQb®, advanced 

into clinical trials, but none of them were successful. Most of those vaccines have some innate 

disadvantages such as low nicotine loading capacity, easy degradation, and vulnerability to clearance by 

the reticulo-endothelial system (RES). Thus, there is undoubtedly an urgent need for developing novel 

vaccines against nicotine addiction. In this study, we assembled a liposome-protein based nanoparticle 

as a nicotine hapten delivery system. The nanoparticle (Scheme 1) was constructed by conjugating a 

model hapten carrier protein, bovine serum albumin (BSA), to cationic liposomes. This nano-sized 

complex, lipoplex, was characterized using zetasizer, transmission electron microscope (TEM), and flow 

cytometry. The efficacy of the lipoplex vaccine was evaluated in mice and compared with that of 

Nicotine-BSA conjugate (Nic-BSA). The lipoplex vaccine with Alum was able to elicit the highest NicAb 

titer of 11169±2112, which was significantly higher than that induced by either the vaccine without 

Alum or Nic-BSA with Alum.  The significant immunostimulatory effect of this nano-lipoplex may provide 

a novel strategy to improve the immunogenic ability of current nicotine vaccine or other vaccines using 

small molecules as haptens.   

1.    Introduction 

Tobacco smoking is one of the most devastating habits that people have ever indulged. Just in 

2011, tobacco use killed 6 million people and caused hundreds of billions of dollars of economic damage 

worldwide. [1] Unfortunately, very few of the smokers are able to quit smoking completely even with 

pharmaceutical aid, [2] meanwhile, more and more people start their addiction to cigarettes. If such 

trends continue, more than one billion people will die from smoking related diseases in the 21st century. 

It is known that tobacco dependence is largely attributed to nicotine, which can stimulate brain 
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mesolimbic dopamine neurons and induce rewarding behavior. [3] Therefore, how to reduce the 

amount of nicotine that could be delivered to brain during smoking is the key question for smoking 

cessation. Currently, some pharmacological aids including nicotine replacement therapy, bupropion, 

varenicline are available for smoking cessation, but these approaches only impose short-term effects 

and majority of the quitters will relapse. [3] Inspired by the fact that human immune system is able to 

produce antibodies to clear foreign substances, such as virus, bacteria, and proteins, researchers have 

developed some innovative anti-nicotine vaccines to generate antibodies that are capable of specifically 

binding to nicotine molecules in peripheral circulation, and thus reducing their access to brain. [4] These 

vaccines share a common trait, in which nicotine haptens are conjugated to a variety of carrier proteins 

and injected with appropriate adjuvants during vaccination. Many of them are reported to elicit high 

titers of anti-nicotine antibodies during animal studies; some of them even advanced to human clinical 

phase trials. [5] However, most of the delivery systems used in previous nicotine vaccines contain solely 

carrier proteins, which are too small to effectively present the nicotine haptens to the antigen 

presenting cells (APC) to elicit strong immune response. [6] In addition, those carrier proteins 

themselves could be easily cleared by RES before presenting nicotine haptens to immune cells. [7] 

Moreover, the number of available ligands on carrier proteins for hapten conjugation is limited.  

Therefore, it is necessary to develop new delivery systems that can both increase the antigen 

presenting efficiency and hapten loading capacity. Recently, cationic liposomes have been recognized as 

a novel adjuvant and vaccine delivery system due to some of their unique advantages over traditional 

carrier proteins on immunogenic stimulation: [8] first, a non-immunogenic substance may be converted 

to an immunogenic one; [9] second, sizes, charges, components of liposomes could be easily adjusted to 

cope with the need of different antigens; [10] third, toxicity  of  antigens  may  be  reduced  or  

eliminated  by encapsulating antigens inside  liposomes; [9] fourth, liposomes increase the antigen 

presentation to APCs. [11] In our previous work, lipoplex coupling cationic liposome with human liver 
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fatty acid binding protein 1 was assembled and well characterized as a potential vaccine delivery 

platform. [12] It is possible cationic liposomes combined with carrier proteins could be utilized to 

construct a delivery vehicle for haptens, such as small addictive compounds, to achieve high titers of 

effective antibodies. 

Therefore, the aim of the present study was to explore the possibility of building up an efficient 

delivery system based on lipoplex for nicotine vaccine. Here, we present a method of preparing such a 

new nano-lipoplex assembled by incorporating BSA to the surface of cationic liposomes composed by 

1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG(2000)-

maleimide), and demonstrate its significant value as a model delivery system for nicotine haptens to 

elicit high titers of anti-nicotine antibodies in mice study. 

2.   Results 

2.1   Analysis of Nic-BSA conjugates 

Conjugates with various number of rac-trans 3’-hydroxymethylnicotine hemisuccinate (Nic) 

linked to BSA (0, 0, 15.1, 17.54, and 17.81) were constructed by coupling Nic to BSA at different initial 

molar ratio 1:10, 1:20, 1:50, 1:100, and 1:200 (Table 1). No Nic was detected on BSA with initial molar 

ratio of 1:10 and 1:20. The amount of coupled Nic could not be further increased by increasing the ratio 

to 1:200 compared to that at ratio of 1:100. The Nic-BSA conjugates with 15 Nic haptens were 

subsequently thiolated using 200 and 500 fold molar equivalents of Traut’s reagent (Table 2). The 

thiolated Nic-BSA bearing 6 sulfhydryl groups was prepared for loading to cationic liposomes. 

2.2   Analysis of physicochemical properties of Nic-BSA-Liposomes (NBLs)  

The size, charge, and polydisperisty of NBLs constituted by various molar ratio of DSPE-

PEG(2000)- maleimide/DOTAP (0.5%, 1%, 2%, and 4%) and Nic-BSA were measured using Malvern Nano-
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ZS zetasizer (Table 3). For all formulations, lipids composition affects the size of liposomes. Decreasing 

sizes (276.97±6.66 nm, 271.33±4.33 nm, 254.67±2.21 nm, 178.67±4.16 nm) were detected using 

dynamic light scattering (DLS) with the increasing DSPE-PEG(2000)-maleimide ratio (0.5%, 1%, 2%, and 

4%).  

TEM investigation showed that DOTAP with addition of 4% DSPE-PEG (2000)-maleimide formed 

unilamellar vesicles with non-uniform diameters ranging from 100 to 300 nm (Figure 1), and this result 

was consistent with the size distribution obtained by DLS (Table 3). Zeta potentials were reduced from 

29.53±1.29 mV to 8.88±0.85 mV as the amount of neutral DSPE and charge shielding agent PEG 

increased.  

To confirm that BSA with sulfhydryl groups could be incorporated to liposomes with exposed 

maleimides, BSA and liposome were labeled with Rhodamine B isothiocyanate (Rhod B) and fluorescein 

isothiocyanate–dextran (FITC), respectively, and measured using flow cytometer. Figure 2 A showed that 

fluorescent signal for neither Rhod B nor FITC was detected in blank BSA-liposome nanoparticles; In FITC 

labeled liposome, only FITC signal was detected (Figure 2 B); Only Rhod B signal was detected in BSA-

liposome nanoparticles with BSA labeled with Rhod B (Figure 2 C). The above results showed that 

without labeling, BSA-liposome nanoparticles did not emit either Rhod B signal or FITC signal, and BSA 

and liposome could be labeled with Rhod B and FITC, respectively. Figure 2 D demonstrated that the 

nanoparticle emitted both Rhod B and FITC signal, indicating BSA was incorporated with liposome. As 

shown in Figure 3, the association efficiency of Nic-BSA to cationic liposomes increased (13.67%, 27.41%, 

57.47%, 75.02%, and 87.45%) with the increasing molar ratio of maleimide/Nic-BSA (0, 1:1, 2:1, 4:1, and 

8:1). Since Nic-BSA was negatively charged, the increased association efficiency led to reduction in 

charge of NBL (Figure 4), which was indicated by the decreasing zeta potential of NBLs (41.56±1.00 mV, 

29.53±1.29 mV, 22.20±0.98 mV, 11.80±0.75 mV, and  8.88±0.85 mV). Interestingly, the increasing 
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association rate displayed a highly linear relationship with the decreasing zeta potential of NBL (Figure 4), 

affirming that it was the association of Nic-BSA to liposome that led to the decrease in net charge on 

NBL. Furthermore, since high association efficiency would reduce the loss of Nic-BSA during NBL 

assembly and high concentration of haptens on the vaccine complex is more likely to induced immune 

response, NBL produced at 8:1 molar ratio of maleimide/Nic-BSA was chosen for animal studies. 

 

2.3   Animal tests of assembled Nic vaccines 

Mice were immunized on day 0, and boosted on days 14, 28 with NBL, Nic-BSA with Alum and 

NBL without Alum to study the immunogenicity of respective vaccines containing 50 µg Nic-BSA. Sera 

were collected on days 0, 13, 27, 33, 40, and anti-Nic antibodies (NicAb) were assayed on enzyme-linked 

immunosorbent assay (ELISA) plates coated with Nic- keyhole limpet hemocyanin (Nic-KLH). As shown in 

Figure 5, no NicAb was detected in sera collected on day 0, suggesting that there was no NicAb in the 

mice used in this study prior to Nic vaccine treatment. After the first immunization, NicAb titers of 

320±208, 349±210, 131±27 were detected in samples injected respectively with NBL+Alum, NBL without 

Alum, and Nic-BSA+Alum. The NicAb titers achieved by NBL+Alum, NBL without Alum were significantly 

higher than that immunized with Nic-BSA+Alum. Titers for respective vaccines were further increased 

after first and second boost injection, and, in particular, the first boost drastically increased titers of  

NBL+Alum, NBL without Alum, and Nic-BSA+Alum to 7932±1047, 5720±3952, 3953±826, respectively. 

The maximal titers of 11169±2112, 9876 ±1932, and 7182±314 for the three vaccines were achieved on 

day 40.  

3.   Discussion 

Much effort has been devoted to developing vaccines against nicotine, but so far there is no 

commercialized nicotine vaccine. Nicotine is non-immunogenic by itself; it has to be conjugated to 
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carrier proteins in order to elicit immune response. [13] The nicotine hapten used in this study is rac-

trans 3’-hydroxymethylnicotine hemisuccinate, which possesses a carboxyl sidearm functional group 

enabling covalent link with amino group on carrier proteins. In previous studies, rac-trans 3’-

hydroxymethylnicotine hemisuccinate coupled to human serum albumin and KLH was found to generate 

highly effective antibodies in rabbits. [14] Currently, most of the macromolecule carriers employed in 

nicotine vaccine are KLH, [3] recombinant exotoxin A (rEPA), [15] tetanus toxoid (TT), [16] and some 

virus like particles. [17] However, none of them has yielded a clinically approved nicotine vaccine to date. 

The limited success might be attributed to the fast degradation of carrier proteins by enzymes and its 

rapid nonspecific clearance by human body. In this study, we attempt to demonstrate the feasibility of 

using nano-lipoplex particle as a delivery system for nicotine vaccine development. BSA was used as a 

model carrier protein, and it recently has been shown to be effective as a carrier protein in vaccines 

development. The anti-cancer vaccine, in which BSA was conjugated with 3'-fluoro-TF antigen-MUC1, 

was able to generate high titers of antibodies which could specifically bind to the tumor-associated 

glycopeptide antigen analog. [18] In another vaccine against malaria, Asn-Ala-Asn-Pro (NANP) repeats 

were bound to BSA, and the resulting immunogens were able to elicit satisfying titers of antibodies 

against circumsporozoite protein. [19] 

In this study, DOTAP was chosen as the major constituent of liposome, largely due to the fact 

that cationic liposomes promote a “depot effect” that facilitates antigen uptake. [20] Cationic liposomes 

have long been established to have immunostimulatory effect due to their active interaction with cells 

which usually possess negative charges, and such an interaction induces adsorptive endocytosis.[21] In 

addition, it was proven that cationic liposomes consisting of DOTAP and DOTMA could significantly 

enhance dendritic cell (DC) maturation by up regulating the expression of CD80 and CD86. [22] 

Furthermore, liposomes with diameters less than 500 nm were shown to efficiently enhance 

immunogenic performance of liposome vaccines over large liposomes (>500 nm). [23] Therefore, the 
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size of liposomes produced in this study was designed to be around 200 nm. Polyethylene glycol (PEG), a 

biocompatible and hydrophilic polymer, was utilized to provide a hydrophilic protective layer outside 

drugs that can prevent nonspecific absorption of serum protein and avoid clearance by RES, thereby 

prolonging the blood circulation time of drugs. [8] PEG(2000) incorporated into cationic liposomes has 

two important roles: first,  PEG moiety is able to prevent particle aggregation, stretch the circulation 

time of liposomes by lowering adsorption of plasma proteins, reducing RES uptake, and thus improve 

the immunogenicity of cationic liposomes; second, it would be easier for maleimide, which is linked to 

the long chain of PEG(2000), to react with sulfhydryl-bearing BSA. Though some amine groups on BSA 

have been consumed during Nic-BSA conjugation, considerable amount of Nic-BSA was still conjugated 

to liposomes when the ratio between maleimide and Nic-BSA was increased, showing the high 

conjugation efficiency between maleimide and -SH groups on the protein.  

In mice immunization, NBL with Alum achieved higher NicAb titer compared with either NBL 

without Alum or Nic-BSA+Alum. NicAb titers are essential to the efficacy of Nic vaccine, because higher 

titers of antibody are expected to bind more nicotine molecules in the periphery, and thus reduce the 

amount of nicotine entering brain. [24] Aluminum has been commonly used as an adjuvant in many 

vaccines licensed by the US Food and Drug Administration. [25] Adding Alum adjuvant to NBL 

significantly enhanced the immunogenicity of the vaccine, which was shown by the higher titers of 

NBL+Alum compared to NBL without Alum after the first boost injection. The significant difference in 

titers of NicAb induced by NBL alone and Nic-BSA+Alum suggested the remarkable immune-stimulating 

effect of nano-lipoplex.  

    Though the results of this current work proved the impressive ability of nano-lipoplex to 

enhance the immunogenicity of small and simple molecules such as nicotine hapten, numerous 

questions still need to be answered in order to improve this hapten delivery system. First, the carrier 
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protein used here is a model protein, BSA, which is not clinically approved. Therefore, it is necessary to 

search for substituting carrier proteins which are both medically acceptable and immunologically 

effective. Second, nicotine epitope density for NBL nanoparticles was not sufficiently optimized. 

Theoretically, the more nicotine epitope each NBL nanoparticle contains, the higher probability that the 

vaccine can be recognized by B cell receptors, and the higher chance that nicotine specific naïve B cell 

will be activated. In this study, epitope density was dictated by the number of Nic that was conjugated 

to BSA and the incorporation efficiency of BSA to liposome.  Therefore, further work will be needed to 

optimized the experimental conditions in the above two sides to increase nicotine epitope density. Third, 

only titers of antibody were evaluated in this study. Further work needs to test the affinity of NicAb to 

nicotine and the specificity of those antibodies to nicotine. Fourth, this lipoplex could be further 

modified to enhance antibody response, for example targeting molecule can be associated with nano-

lipoplex to specifically target the delivery system to immune cells.  

To summarize, in this study, a novel nicotine vaccine using lipoplex nanoparticle as a delivery 

system was developed. The formation of this vaccine was realized through two major steps: first, 

nicotine haptens were covalently linked to BSA using EDC; second, the Nic-BSA was conjugated to 

cationic liposome via reaction between maleimide group in liposome and sulfhydryl group in BSA. By 

adjusting the molar ratio between Nic and BSA or between Nic-BSA and maleimide, we could flexibly 

control the amount of Nic loaded onto this vaccine nanoparticle. The physiochemical properties of this 

vaccine were characterized using TEM, zetasizer, and flow cytometer. As a proof of concept study, the 

results from animal test showed that nicotine vaccine using lipoplex as the delivery vehicle achieved 

significantly higher titer of anti-nicotine antibody than vaccine delivered by carrier protein alone. In 

future work, BSA will be replaced with some clinically approved carrier proteins such as rEPA, TT, and 

the specificity and affinity of generated antibodies to nicotine molecule will be evaluated.  
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4.   Materials and methods 

4.1   Materials  

DOTAP (CAT#: 890890C) in chloroform and DSPE-PEG(2000)-maleimide (CAT#: 880126) in 

chloroform were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 2,4,6-trinitrobenzene-1-

sulfonic acid (TNBS) (CAT#: P2297), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 

(CAT#: E6383), BSA (CAT#: A2153), and 2-iminothiolane hydrochloride (Traut’s reagent) (CAT#: I6256), 

Rhodamine B isothiocyanate (CAT#: 83689), and fluorescein isothiocyanate–dextran (CAT#: F7250) were 

obtained from Sigma-Aldrich (St. Louis, MO). Rac-trans3’-hydroxymethylnicotine hemisuccinate 

(CAT#:H948190) was purchased from Toronto Research Chemicals (Toronto, Canada). The micro BCA 

assay kit (CAT#: 23235) was purchased from Thermo Scientific (Waltham, MA). All other chemicals and 

reagents were purchased from Fisher Scientific (Pittsburg, PA) and are of analytical grade.  

4.2   Preparation of cationic liposome 

Cationic liposomes were prepared according to the method described by Huang and Zhang. [26] 

In brief, lipid film consisting of 1.96 mg DOTAP and DSPE-PEG(2000)-maleimide ranging from 0.04 mg to 

0.32 mg was hydrated with buffer containing 0.9% NaCl, 5% dextrose, and 10% sucrose in Tris-HCl buffer 

(0.05 M Tris Base, pH 7.4).  The resulting suspension was incubated at 65 C for one hour and extruded 

through polycarbonate membrane with pore sizes of 100 nm for 14 times. For FITC labeled liposomes, 

FITC and lipids at molar ratio of 1:10 was extruded according to the above method.  

4.3   Synthesis of nicotine-BSA conjugates (Scheme 2 StepⅠ) 

Ten milligrams of EDC dissolved in 700 µL DI water was mixed with appropriate volume of 100 

mg/mL Nic also dissolved in DI water. After incubation at 0 C for 10 minutes, the mixture was added 

with 10 mg BSA (40 mg/mL) and appropriate volume of DI water to a total volume of 1 mL, and stirred at 

room temperature for 12 hours. The pH of the DI water used in this step was adjusted to 6.76 with 0.01 
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M sodium hydroxide. The resulting Nic-BSA was purified by size exclusion chromatography with a 

Sephadex G-25 column using an AKTA FPLC system (Amersham Biosciences, Piscataway, NJ). Briefly, 0.5 

mL sample was loaded onto the column, followed by elution using phosphate buffered saline (PBS) (0.1 

M, pH 7.4) as the mobile phase at 1 mL/min. Nic-BSA was collected and concentrated to 1 mg/mL using 

Microcon centrifugal filter units (50,000 MWCO) from EMD Millipore (Billerica, MA,). The Rhod B labeled 

BSA was synthesized using the same method as Nic-BSA conjugation, except the molecular ratio 

between BSA and Rhod B was 50:1.  

4.4   Quantifying the number of Nic hapten on Nic-BSA 

The number of Nic haptens on Nic-BSA was determined by measuring difference in the number 

of unreacted lysine groups on surface of BSA before and after conjugation using TNBS. In brief, 200 μL of 

Nic-BSA mixed with 200 μL of 4% NaHCO3 solution was added with 200 μL of 0.1% TNBS solution, and 

the resulting mixture was incubated for 1 h at 37 °C. The color of the solution was read at 335 nm. The 

quantity  of -NH2 groups consumed during conjugation of Nic to BSA was calculated from the difference 

between the O.D. of the control and the conjugate. [27]  

4.5   Loading Nic-BSA onto liposomes  

Thiol groups were introduced to Nic-BSA by incubating Nic-BSA obtained in the previous step 

with 1 mg/mL of Traut's reagent for one hour in darkness under continuous stirring (Scheme 2 StepⅡ). 

The thiolated Nic-BSA was purified using FPLC as described for Nic-BSA purification and concentrated to 

2 mg/mL in PBS (0.1 M, pH 7.4) by Microcon centrifugal filter units (50,000 MWCO). The amount of thiol 

groups on BSA was quantified through a colorimetric sulfhydryl assay using Ellman's reagent (5,5′-

dithiobis(2-nitrobenzoic acid). [28] Briefly, 80 μL of 4 mg/mL Ellman's reagent was added to 800 μL of 

thiolated Nic-BSA, and the mixture was incubated at room temperature for 15 minutes. Free sulfhydryl 

levels were determined from the absorbance at 412 nm using the following formula generated from a 
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set of cysteine standards: SH=1.1A412/ 14398CNic-BSA,where A412 is the absorbance at 412nm, CNic-BSA is the 

protein concentration and SH is the number of thiol equivalents. 125 μL Mal-PEG-liposome, 450 µL 

thiolated Nic-BSA conjugates, and 425 µL 0.15M NaCl-0.2mM EDTA (pH 7.4) were mixed to form Nic-

BSA-Liposome (Scheme 2 Step Ⅲ). The resulting Nic-BSA-Liposome was purified by dialysis using dialysis 

membrane (MWCO 1000 kD) from Spectrum Laboratories (Rancho Dominguez, CA) in 10 mM NaCl. 

4.6   Measuring the amount of Nic-BSA loaded to liposomes  

Nic-BSA associated with liposomes was assayed using a modified protocol described by Steven 

M. Ansell.[29] In detail, 20 μL of prepared liposomes (before/after purification) were withdrawn and 

diluted with 1 ml 0.15M pH 7.4 NaCl solution (working-dispersion). To assess the total and conjugated 

protein concentration, 500 μL of working-dispersion was mixed with 100 μL of 5% (v/v) Triton X-100 and 

this dispersion was maintained at 65°C for 5 min to disrupt all the vesicles. Both total and conjugated 

Nic-BSA concentrations were assessed using micro BCA protein assay kit from Pierce. The association 

efficiency of Nic-BSA to liposomes was calculated according to the following equation: Association 

efficiency (%) = BSAconjugated/BSATotal×100. 

4.7   DLS analysis  

The sizes of NBL nanoparticles were evaluated using DLS. DLS measurements were performed 

using a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd, Worcestershire, United Kingdom). Newly 

prepared samples were diluted by 10 fold with 0.9% sodium chloride saline (pH 7.4) and each 

measurement was done in triplicate. 

4.8   Zeta potential measurements  

Freshly made NBLs were diluted by 10 fold with deionized water (pH 7.0) and zeta potential of 

these samples was measured with the Malvern Nano ZS using the technique of Laser Doppler 

Velocimetry (LDV). Zeta potential was measured six times for each sample. [30] 
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4.9   TEM analysis of liposome  

Sample grids (carbon coated copper) were put into one drop of liposome for 30 s, then in 

distilled water drop for washing (10 s) and finally in a phosphotungstic acid drop for staining (10 s).[30] 

The excessive stain on the grids was removed using filter paper. The prepared grids were analyzed by 

Morgagni™ Transmission Electron Microscope. 

4.10   Active immunization of mice with nicotine vaccines  

All animal studies were carried out following the National Institutes of Health guidelines for 

animal care and use. Animal protocols were approved by the Institutional Animal Care and Use 

Committee at Virginia Polytechnic Institute and State University. Groups of 8 female BALB/c mice (6−7 

weeks, 16−20 g) were immunized by subcutaneous (s.c.) injection on days 0, 14, and 28 with Nic-BSA 

conjugates, Nic-BSA-liposome conjugates (50 µg for Nic-BSA) in 0.9% sodium chloride saline with Imject 

Alum Adjuvant (Pierce Biotechnology Inc., Rockford, IL) or Nic-BSA-liposome conjugates (50 µg for Nic-

BSA) without Alum adjuvant (total volume was 100 µl). Following vaccine administration, blood samples 

(～200 µl) were collected on days 0, 13, 27, 33, 40 via retroorbital puncture from each mouse. Sera 

(100µl for each sample) centrifuged from blood were stored at −80 °C. 

4.11   ELISA measurement  

Mice sera were analyzed according to the ELISA procedure described by de Villiers et al. (2010) 

with appropriate modification. [3] Nic was conjugated to KLH using the same method for Nic-BSA 

conjugate. Nic-KLH was used as coating material to prevent nonspecific binding of BSA and liposome 

derived antibodies. ELISA-plates were coated with 100 µL of 10 µg/mL Nic-KLH conjugate at 25 C for 5 h. 

The plates were washed with washing buffer for 4 times and DI water for 2 times, and were blocked 

with 300 µL non-protein blocking buffer from Pierce for 12 h. After washing, 100 µL of each dilution 

(1:25, 1:125, 1:625, 1:3125, 1:15625, and 1:78125) of serum from each mouse was incubated in plates at 
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25 C for 2 h. The plates were washed again, and incubated with 100 µL anti-mouse IgG HRP (1:10000) 

from Sigma-Aldrich for 1 h. After washing as before, 100 µL of TMB One Component Microwell Substrate 

was added into each well and incubated for 10 min, and the reaction was stopped by adding 100 µL of 

0.5% (v/v) H2SO4. The absorbance for each well at 450 nm was recorded. Titer was defined as the 

dilution factor at which OD450 fell to half of the maximal.  

4.12   Data analysis  

Serum NicAb concentrations were compared among groups using one way ANOVA and 

comparisons among paired groups were analyzed with Tukey’s HSD. The difference is considered as 

significant when P-value is less than 0.05. Each measurement was carried out at least three times, and 

the results were expressed as mean ± standard deviation. 
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Scheme 1. Illustration of lipoplex based nicotine vaccine. 

 

 

 

Scheme 2. Illustration of NBL vaccine synthesis. 
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Figure 1. TEM image of liposome. 
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Figure 2. Flow cytometric analysis of BSA-liposome complex. (A) BSA-Liposome without labeling; (B) FITC 

labeled liposome; (C) Rhod B-BSA-Liposome; (D) Rhod B-BSA-FITC-liposome. 
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Figure 3. Association efficiency of Nic-BSA to liposome at maleimide/ Nic-BSA molar ratio of 0, 1:1, 2:1, 
4:1, 8:1, respectively. 
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Figure 4. The relationship between association efficiency of Nic-BSA to liposome and charge of Nic-BSA-
liposome complex. 
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Figure 5. Time course of nicotine specific antibodies elicited by Nic-BSA-liposome+Alum, Nic-BSA-
liposome without Alum, and Nic-BSA+Alum (* means P-value < 0.05). 

                 

 

Table 1. The coupling efficiency of Nic to BSA at various molar ratios. 

Molar ratio of BSA/Nic Amino groups on BSA 
consumed (%) 

Number of Nic conjugatedto BSA 

1:10 0.0 0.0 

1:20 0.0 0.0 

1:50 26.0 15 

1:100 30.0 18 

1:200 30.0 18 
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Table 2. The degree of Nic-BSA thiolation at different molar ratio of Nic-BSA/Traut’s reagent. 

BSA : Nic 
(Molar ratio) 

Nic-BSA : Traut’s reagent 
(Molar ratio ) 

Thiol equivalents coupled to BSA 

1:50 1:200 6 

1:50 1:500 8 

 

 

 

Table 3. Comparison of size and surface-charge of Nic-BSA-liposmes with different ratios of DSPE-

PEG(2000)-Maleimide and DOTAP (mean ± S.D.; n=3). 

DSPE-PEG(2000)-Maleimide : 
DOTAP(% ) 

Zeta 
potential(mV) 

Size(nm) Polydispersity 

0.5 29.53±1.29 276.97±6.66 0.20± 0.02 

1 22.20±0.98 271.33±4.33 0.23± 0.02 

2 11.80±0.75 254.67±2.21 0.19± 0.02 

4 8.88±0.85 178.67±4.16 0.14± 0.03 
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Abstract 

Tobacco addiction is the second-leading cause of death in the world. Due to the nature of 

nicotine (a small molecule), finding ways to combat nicotine’s deleterious effects has been a constant 

challenge to the society and the medical field. In the present work, a novel anti-nicotine vaccine based 

on nanohorn supported liposome nanoparticles (NsL NPs) was developed. The nano-vaccine was 

constructed by using negatively charged carbon nanohorns as a scaffold for the assembly of cationic 

liposomes, which allow the conjugation of hapten conjugated carrier proteins. The assembled bio-

nanoparticles are stable. Mice were immunized subcutaneously with the nano-vaccine, which induced 

high titer and high affinity of nicotine specific antibodies in mice. Furthermore, no evidence of clinical 



57 

 

signs or systemic toxicity followed multiple administrations of NsL-based anti-nicotine vaccine. These 

results suggest that NsL-based anti-nicotine vaccine is a promising candidate in treating nicotine 

dependence and could have potential to significantly contribute to smoking cessation.  

Keywords  

Nicotine; nicotine vaccine; anti-nicotine; bionanoparticle; carbon nanohorn; nano-vaccine. 

1.  Introduction 

Tobacco addiction is the second-leading cause of death in the world. [1, 2] How to help smokers 

to quit smoking has been a constant challenge to medical scientists. To date, three medications are FDA-

approved for smoking cessation: nicotine replacement therapy, sustained-release bupropion, and 

varenicline. [3, 4] Despite the relative efficacy of these first-line medications, long-term abstinence rates 

remain disappointingly low. [5] Clearly, more effective treatment options are needed. 

Immunopharmacotherapy, or vaccination, has shown tremendous promise in fighting against nicotine 

addiction. [6] Nicotine vaccines have the following advantages: 1) vaccines can have a prolonged effect 

on the immune system (6-12 months), and could thus reduce the relapse rates, 2) daily administration is 

not required; only occasional booster shots are needed to maintain an adequate antibody titer, 3) 

vaccines have minimal to no side effects, and 4) vaccines are potentially compatible with other smoking 

cessation methods. However, all current nicotine vaccines, particularly the ones that have undergone 

human clinical trials, demonstrated limited efficacy. [6-8] The recently released clinical trial results of 

NicVAX® by Nabi Biopharmaceuticals were particularly disappointing. [9] On the other hand, a recent 

report described a successful trial in mice treated with adeno-associated virus (AAV) vector expressing a 

gene encoding a full-length anti-nicotine antibody. [10] However, it is still unclear how this success can 

be translated to humans, and the long-term safety of the system is still a significant obstacle. Because 
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the success of drug vaccines appears to be directly correlated with the antibody titer in vaccinated 

subjects, there is a need for improved vaccines that can elicit a strong immune response. [6-10] 

Over the past decade, particulate carriers have emerged as an attractive means for enhancing 

the delivery efficacy and potency of vaccines and associated immunomodulatory molecules. Specifically, 

polymer-based micro and nanoparticles are being extensively studied for this purpose. Polymeric micro 

and nanoparticles can carry cargo, whether antigens, adjuvants or both, either encapsulated within the 

particle or on the surface of the particle. They provide an efficient means for delivering antigen to 

antigen presenting cells (APCs), either in a passive manner through non-specific phagocytosis or in a 

more active manner through receptor targeting and endocytosis. The latter can be achieved by 

modifying the particle surface with antibodies against surface receptors of specific APC subsets e.g., 

DEC205 attachment for targeting to epidermal Langerhans cells. [11] 

In addition to the particulate nanoparticles, proteins and peptides have demonstrated potential 

for being effective vaccine carriers. Protein derived particulate systems are biocompatible and degraded 

into natural byproducts, and they can be easily modified due to the large repertoire of amino acids with 

a variety of physical-chemical properties. Peptide/protein-based particles made of amino acids, 

denatured collagen (gelatin), and albumin have been shown to be effective in eliciting immune 

responses. [12-14] Moreover, liposomes, particulate structures composed largely of natural or synthetic 

phospholipids, can encapsulate both antigenic and immunomodulatory agents, allowing targeted 

delivery to specific immune cells such as dendritic cells in vivo. [15-18] Depending on their lipid 

composition, liposomes also may exhibit potent adjuvant-like properties. [19, 20]  However, one of the 

main limitations of liposomes is that they are intrinsically unstable and often have a tendency to 

flocculate.  [21] 
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In this study, novel negatively charged (anionic) carbon single-walled nanohorns (SWNHs) were 

used as a scaffold, providing support to the soft body of cationic liposomes. This support prevented the 

liposomes from precipitation or flocculation. The SWNHs are nontoxic, nanoparticle aggregates of single 

graphene tubules and are spherical dahlia-like-shaped with a narrow diameter range reported as 80-100 

nm. [22-24] For this study, nanohorns with a diameter of around 100 nm were encapsulated into 

liposomes through a simple freeze-thaw method as described in our previous work. [25] The nanohorn 

supported liposome nanoparticles (NsL NPs) were used as a vaccine delivery vehicle. The hapten 

derivative, O-succinyl-3’-hydroxmethyl-(±) nicotine (Nic), was used as the immunogen. [26] The 

immunogenicity and toxicity of the nano-vaccines were studied in mice. 

2.  Materials and methods 

2.1. Materials  

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)  and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG(2000)-

Maleimide) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). EDC (1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide) was obtained from Pierce (Rockford, IL, USA). O-succinyl-3’-

hydroxmethyl-(±) nicotine (nicotine hapten) was purchased from Toronto Research Chemicals (Toronto, 

ON, Canada). 

 2.2. Preparation of nanohorn supported liposome nanoparticles (NsL) 

 NsL NPs were prepared according to the method described by Huang et al. [25] Briefly, cationic 

liposomes were made by extruding 1.96 mg hydrated DOTAP and 0.32 mg DSPE-PEG(2000)-maleimide 

lipid film through polycarbonate membranes with pore sizes of 100 nm. The hydration buffer contained 

0.9% NaCl, 5% dextrose, and 10% sucrose in Tris-HCl buffer with pH at 7.4. Single-walled nanohorns 
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(SWNH) were synthesized by Nd:YAG laser vaporization of graphite rods in an argon atmosphere at 1100 

°C. [27, 28] Negatively charged (anionic) nanohorns with carboxyl groups were prepared by high-speed 

vibration milling. [29] Anionic nanohorns were briefly sonicated to break up aggregates and incubated 

with freshly made cationic liposomes at a volume ratio of 1:4.  Three freeze-and-thaw cycles were 

applied using -80 °C and a warm water bath (30 °C). Samples were finally centrifuged under 10,000 × g 

for 10 min, and nanohorn supported liposomes were collected from the top layer of the solution.  

2.3. Synthesis and Quantification of Nic-BSA conjugates  

The synthesis of Nic-BSA conjugates was based on the procedure described elsewhere. [30] 

Briefly, a solution of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 10 molar equivalents 

compared to nicotine hapten) in distilled H2O was added to 10 mg nicotine hapten water solution (100 

mg/mL) and kept at 0 °C for 10 min. The solution was then mixed with 10 mg bovine serum albumin 

(BSA) solution (40 mg/mL) and an appropriate amount of distilled water to prepare a total volume of 1 

mL. The solution was stirred at 0 °C for 10 min, and stored at room temperature overnight. During this 

step, pH was checked and adjusted to 6.76 with 0.01 M sodium hydroxide if needed. Nic-BSA conjugates 

were purified by size exclusion chromatography with a Sephadex G-25 column using an AKTA FPLC 

system (GE Healthcare, Piscataway, NJ). Nic-BSA was then concentrated to 1 mg/mL using Microcon 

centrifugal filter units (EMD Millipore Corporation, Billerica, MA) with a 50,000 molecular weight cut-off 

(MWCO). The number of -NH2 groups used during conjugation of hapten to BSA molecules was 

determined from the difference between the optical density of the control and the conjugate by a 

method utilizing 2,4,6-trinitrobenzene-1-sulfonic acid (TNBS). [31] 

2.4. Thiolation of Nic-BSA conjugates 

Thiol groups were introduced to Nic-BSA by incubating Nic-BSA obtained in the previous step 

with 1 mg/mL of 2-iminothiolane (Traut's reagent) for one hour in darkness under continuous stirring. 
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[32] The thiolated Nic-BSA was purified using FPLC as described for Nic-BSA purification and 

concentrated to 2 mg/mL in phosphate buffered saline (PBS, pH 7.4) by Microcon centrifugal filter units 

(50,000 MWCO). The amount of thiol groups on BSA was quantified by a colorimetric sulfhydryl assay 

using Ellman's reagent (5,5′-dithiobis(2-nitrobenzoic acid). [33] Briefly, Ellman's reagent (80 μL of a 4 

mg/mL solution in PBS) was added to 0.6 mL aliquots of a control and the samples and allowed to 

incubate at room temperature for 20 min. Sulfhydryl levels were determined from the absorbance at 

412 nm (ε = 14398) using the equation,  

SH=1.1A412/ 14398CNic-BSA  

where A412 is the absorbance at 412 nm, CNic-BSA is the protein concentration, and SH is the number 

of thiol equivalents. 

 2.5. Conjugation of thiolated Nic-BSA to NsL  

The thiolated Nic-BSA was mixed with the maleimide-PEG–containing nanohorn supported 

liposomes in 0.15 M NaCl, 0.2 mM EDTA (pH 7.4) at a molar ratio of 1:8 and allowed to react overnight. 

Unbound protein was separated from the liposomes by dialysis using dialysis membrane (MWCO 1000 

kD) from Spectrum Laboratories in 0.15 M NaCl pH 7.4 solution. Nic-BSA associated with liposomes was 

assayed using a modified protocol described by Ansell. [34] Briefly, 20 μL of prepared liposomes (before 

and after purification) were diluted with 1 mL 0.15 M NaCl pH 7.4 solution (working dispersion). To 

assess the total and conjugated protein concentration, 500 μL of working dispersion were mixed with 

100 μL of 5% (v/v) Triton X-100, and this mixture was maintained at 65 °C for 5 min to disrupt all lipid 

vesicles. Both total and conjugated Nic-BSA concentrations were measured using a micro BCA protein 

assay kit from Pierce (Rockford, IL). The association efficiency (AE) and the loading capacity (LC) of Nic-

BSA to nanohorn supported liposomes were calculated according to the following equations: AE(%) = 

Nic-BSAconjugated/Nic-BSATotal×100%; LC(%) = Nic-BSAconjugated /NPs×100%.  
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2.6. Characterization of NPs  

2.6.1. Dynamic light scattering (DLS) and zeta-potential 

Particle sizes and distribution of the nanohorn, liposomes, NsL and Nic-BSA-NsL were measured 

by photon correlation spectroscopy (PCS) using a Zetasizer Nano (Malvern Instruments, UK). Prior to the 

DLS measurement, each sample was diluted with 0.15 M NaCl pH 7.4 solution until a measurable 

concentration of particles was achieved. Similarly, the zeta potential of the samples was measured using 

the same equipment with Laser Doppler Velocimetry. [35] Both measurements were repeated three 

times for each sample. 

 2.6.2. Transmission electron microscopy (TEM) 

Sample grids (carbon coated copper) were put into one drop of liposomes for 30 s, then in a 

distilled water drop for washing (10 s) and finally in a phosphotungstic acid drop for staining (10 s). [36] 

The excessive stain on the grids was removed using filter paper. The prepared grids were analyzed using 

a Morgagni™ Transmission Electron Microscope (FEI Corporate, Hillsboro, OR).  

2.6.3. Stability of NsL NPs  

Stability was monitored using imaging of fluorescent dyes encapsulated following a published 

method. [37] Briefly, lipid films containing 1.96 mg 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) 

and 0.2 mg fluorescein isothiocyanate (FITC) isomer I (molar ratio, 100:2) were hydrated with 250 µL of 

hydration buffer (section 2.2). The resulting emulsion was incubated at 65 °C for one hour and extruded 

14 times through polycarbonate membranes with pore sizes of 100 nm. For nanohorn supported 

liposomes, the FITC labeled liposomes underwent 5 cycles of freeze-and-thaw at -80 °C and 35 °C when 

62.5 µL of a nanohorn solution (1 mg/mL) were added. The resulting mixture was centrifuged at 16,000 

× g for 30 min, and the nanohorn supported liposomes were collected from the top layer of the solution. 

Excessive FITC in both liposomes and nanohorn liposomes was removed by 24 h of dialysis using 100 kD 
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Biotech CE Dialysis Tubing (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) in distilled water. 

Morphology was viewed on a LSM510 confocal laser scanning microscope (Carl Zeiss Inc, Thornwood, 

NY, USA).  

2.7. Vaccination 

2.7.1. Immunization procedures 

All animal studies were carried out following the National Institutes of Health (NIH) guidelines 

for animal care and use. Animal protocols were approved by the Institutional Animal Care and Use 

Committee at Virginia Polytechnic Institute and State University. Female Balb/c mice (6-7 weeks, 16-20 

g, 8 per group) were randomized into vaccine and control groups. The immunization schedules and 

administration doses are shown in Table 1. Vaccine groups (Groups 1-5) were immunized 

subcutaneously (s.c.) with 100 μL of a saline suspension of Nic-BSA conjugates, or Nic-BSA-liposome 

conjugates or Nic-BSA-nanohorn-liposome conjugates mixed with or without Alum adjuvant (3 mg, 

Imject, Pierce Biotechnology Inc., Rockford, IL). Control groups (Groups 6 and 7) received liposomes or 

nanohorn-supported-liposomes formulated with Alum (3mg) in 100 µL saline. All mice were immunized 

with three injections, given on day 0 with booster immunizations on days 14 and 28. Antibody titers 

were monitored following vaccine administration using blood samples (～200 µL) taken on days 0, 13, 

27, 33, 40 from the retroorbital plexus of mice under isofluorane anesthesia. The blood samples were 

kept at 37 °C for 30 min and then centrifuged at 4 °C at 2000 × g for 30 min, with the supernatant 

centrifuged a second time. Aliquots of sera were stored at −80 °C prior to analysis.  

2.7.2. Measurement of specific anti-nicotine IgG antibodies using ELISA 

Mice sera were analyzed according to the ELISA procedure described by de Villiers et al. with 

appropriate modification. [38] Briefly, the nicotine hapten was conjugated to keyhole limpet 

hemocyanin (KLH) according to the same method used for the preparation of Nic-BSA conjugate. 
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MICROLON® 96 well plates (Greiner Bio-One, Longwood, FL) were coated with Nic-KLH conjugate (10 

µg/mL in carbonate buffer, 0.05 M, pH 9.6, 100 µL/well) and incubated at 25 °C for 5 h. The plates were 

washed with PBS-Tween (0.1%) for 4 times and distilled water for 2 times, followed by blocking with 300 

µL Pierce® protein-free T20 blocking buffer for 12 h. Sera from immunized mice were serially diluted at 

different dilution (1:25, 1:125, 1:625, 1:3125, 1:15625, and 1:78125) in PBS, and 100 µL of each dilution 

was added to the plate which was subsequently incubated at 25 °C for 2 h. The plates were washed 

again, and incubated with 100 µL Anti-Mouse IgG HRP (1:10000) from Alpha Diagnostic Intl (San 

Antonio, TX) for 1 h. After washing as before, plates were incubated with tetramethylbenzidine (TMB) 

peroxidase (100 µL/well) for 10 min in the dark. Sulphuric acid was added (0.5%, 100 µL/well) and 

absorbance was measured at 450 nm, using a Microplate Reader (Synergy HTS Multi-Mode, BioTek 

Instruments, Inc., Winooski, VT). The ELISA titer was defined as the dilution of the serum which gives a 

half-maximal optical density signal (OD 50%) in the ELISA. 

2.7.3. Determination of anti-nicotine specific IgG subclasses 

For the IgG subtype determination, duplicate ELISA were done for the four antibody isotypes in 

serum from mice of each group. Horseradish peroxidase conjugated sheep anti-mouse IgG1, IgG2a, 

IgG2b and IgG3 (Alpha Diagnostic Intl.) were used as the secondary antibodies. 

2.7.4. Th1/Th2 index calculation 

To determine whether the addition of nanohorn, liposomes and Alum adjuvant in the 

immunization protocol induced a Th1 (IgG2a and IgG3) or Th2 (IgG1) polarization, Th1:Th2 index was 

calculated as ([IgG2a+IgG3]/2)/(IgG1) for each immunization groups. According to such calculation, an 

index value < 1 stands for a Th2 polarization; an index value > 1 stands for a Th1 polarization. [39] 
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2.7.5. Antibody affinity for nicotine evaluation by equilibrium dialysis  

In order to assess antibody affinity (Kd) and maximum nicotine binding capacity (Bmax), sera 

from immunized mice treated with NsL-based anti-nicotine vaccine in the presence and absence of Alum 

on day 40 were diluted with control sera (Balb/C mouse serum, Innovative Research Inc., Novi, MI), due 

to small sample sizes.  These were then dialyzed against six different concentrations of nicotine using a 

96-well Equil DIALYZER (MWCO 10 kD, the Nest Group, Inc. Southborough, MA). Unlabeled ((-)-nicotine 

hydrogen tartrate salt, Sigma-Aldrich, St. Louis, MO) and tritiated nicotine, (L-(-)-[N-methyl-3H]-nicotine, 

PerkinElmer, Boston, MA) were diluted in control sera to total nicotine concentrations ranging from 1 

ng/mL to 1024 ng/mL (expressed as free base). The plate was placed vertically on a shaker and 

incubated for 72 h at room temperature, until equilibrium had been reached. Samples from both sides 

of the dialysis membrane were collected and counted using a 1450 MicroBeta TriLux Liquid scintillation 

counter (EG&G Wallac) with MicroBeta workstation software (version 2.7). Disintegrations per minute 

(DPM) were transformed to total nicotine concentrations based on the radioactivity of the original 

solutions. Bound versus free nicotine was plotted to create a saturation binding curve from which Kd, 

the concentration resulting in half of the binding sites being occupied, and Bmax (GraphPad Prism 5, 

GraphPad Software, Inc.) were determined. Values for Bmax were adjusted for the serum dilution. 

2.8. Mouse toxicology studies 

2.8.1. Animals and animal husbandry 

This study was conducted in accordance with the U.S. Food and Drug Administration Good 

Laboratory Practice Regulations for Nonclinical Laboratory Studies, the Guide for the Care and Use of 

Laboratory Animals, and under a protocol approved by the Institutional Animal Care and Use Committee 

at Virginia Polytechnic Institute and State University. [40-42] 
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The experimental animals were female Balb/cByJ mice (The Jackson Laboratory, Inc., Bar Harbor, 

ME, USA), 5 weeks old upon arrival. The Balb/c mouse was chosen to conform to the requirements by 

the National Toxicology Program (NTP). [43,44] Animals were individually identified by ear notching 

during a 7-day quarantine. The study began after the quarantine when the mice were 6 weeks old. Mice 

were housed individually in solid-bottom, polycarbonate cages with stainless steel lids (Laboratory 

Products, Rochelle Park, NJ) and Certified Sani-Chip® hardwood cage litter (P. J. Murphy, Montville, NJ). 

Feed (Purina Certified Rodent Chow (#5002), PMI, St. Louis, MO) and tap water (Blacksburg, VA) were 

provided ad libitum throughout the study. The light cycle (12 h light, 12 h dark) and temperature and 

relative humidity in the animal rooms were controlled and monitored (Siebe/Barber-Coleman Network 

8000® System with SIGNAL® Software [Version 4.1], Siebe Environmental Controls (SEC)/Barber-Colman 

Company, Loves Park, IL) throughout the study. Temperature and relative humidity were within their 

respective target ranges (69-75 °F and 35-65%).  

2.8.2. Evaluation of body weight, feed and water consumption, and clinical signs  

After the 7-day quarantine, the animals were randomly divided into seven groups containing 

eight animals per group. During the treatment period of seven weeks (see section on Immunization 

procedures, 2.7.1), body weight, feed consumption, and water consumption were measured by the 

method of McNair and Bryson and recorded twice per week. [45] In the studies, clinical signs of toxicity 

included body condition, lethargy, abnormal posture, and ruffled fur.  

2.8.3. Evaluation of organ/body weight ratios  

On day 45, after 7 weeks of observation described above, all animals were weighed and then 

euthanized under CO2. The hearts, lungs, livers, spleens and kidneys were excised and weighed 

accurately. Organ/body weight ratios were calculated as organ weight/body weight ×100 (%).[46] 
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2.8.4. Histopathological evaluation 

Histopathological analysis of hearts, lungs, livers, spleens, kidneys and skin tissues from the 

vaccine sites of each experiment group was performed by the method of Iranloye and Bolarinwal. [47] 

Briefly, organs (hearts, lungs, livers, spleens, kidneys and skins) were fixed in a neutral 10% buffered 

formalin. Then tissue blocks were embedded in paraffin and routine sections stained as described by 

Lillie with hematoxylin and eosin. [48] After hematoxylin-eosin (HE) staining, sections were examined by 

light microscopy on a Nikon Eclipse E600 scope and images captured using a Nikon DS-Fi1 camera run by 

NIS Elements software (Nikon, Melville, NY).  

2.9. Statistical analysis 

Statistical analysis was performed using the Student's t-test for the difference between the 

experimental groups and the control group. Bonferroni correction was used where multiple 

comparisons were made. Differences between means were considered significant at P<0.05, very 

significant at P<0.01 and highly significant at P<0.001.  

3. Results and discussion 

3.1. Conjugating antigen to nanohorn-supported-liposomes 

In this present study, nicotine derivative, O-succinyl-3’-hydroxmethyl-(±) nicotine26 was used as 

the target hapten. Antibodies induced by this hapten (coupled to virus-like particles derived from the 

coat protein of the bacteriophage Qb) have been shown to have a high affinity for nicotine (Kd = 35 nM) 

and no cross-reactivity with acetylcholine, the major nicotine metabolites cotinine and nicotine-N-oxide, 

and a variety of other neurotransmitters or drugs. Bovine serum albumin (BSA) acted as a model carrier 

protein to conjugate with the hapten in this study. BSA (67 kD) is a commonly used model carrier 

protein in vaccine development. For example, the anti-cancer vaccine, in which BSA was conjugated 
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with 3'-fluoro-TF antigen-MUC1, was able to generate high titers of antibodies that could specifically 

bind to a tumor-associated glycopeptide antigen analog. [49]  

Covalent attachment of carboxylic acid hapten to the carrier protein (BSA) via available surface 

amino groups on BSA (26 surface lysines) was confirmed by reacting the prepared conjugates with TNBS 

reagent. The number of amino groups present in the carrier protein before and after conjugation was 

quantified with a UV/Vis spectrophotometer (Shimadzu 1601) set at 335 nm. The gradual decrease of 

the available surface lysines on the protein after reaction with different molar ratios of hapten 

confirmed the increase in conjugation density (number of hapten molecules per protein molecule) with 

the increasing hapten-protein molar ratio.  

Conjugation of protein to the liposome surface was based on a chemical reaction between the 

maleimide of the PEGylated lipid with a derivatized sulfhydryl group at the primary amines of a protein 

by adding Traut’s reagent, as previously described for conjugation of lactoferrin to the liposome surface. 

[50] The thiolation level was measured using 5,5’-dithiobis(2-nitrobenzoic acid) (Ellman's reagent) as 

described by Benzinger et al. [51] By optimizing the molar ratio of BSA:Nic:Traut’s reagent:DSPE-Mal-

PEG2000, higher association efficiency of Nic-BSA to NsL can be obtained (Table 2). Conjugates with 15 

Nic haptens per BSA were produced by using a 50-fold excess of Nic-hapten. A 200-fold excess of 2-

iminothiolane resulted in 5 thiol groups per Nic-BSA conjugate molecule. Moreover, a ratio of 1:4 or 1:8 

of Nic-BSA:DSPE-Mal-PEG2000 was used for conjugation, and a strong antigen-NsL association efficiency 

of 50.4% or 65.8% and loading efficiency of 21.7% or 25.3% were achieved, respectively. 

3.2. Physicochemical properties of NsL NPs 

3.2.1. Particle size, zeta potential analysis 

The particle sizes and zeta potentials of nanohorns, liposomes, NsL and Nic-BSA-NsL are 

presented in Table 3. The results show that the mean diameter of nanohorns, liposomes, NsL and Nic-
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BSA-NsL was 107.8± 3.3, 152.0± 6.0, 164.9± 2.5 and 175.3± 3.2 nm, respectively, suggesting there was 

no significant difference in size after the encapsulation of a nanohorn in a cationic liposome and the 

conjugation of antigens. In addition, the DLS analysis results of nanoparticle size agree well with the size 

obtained by TEM (Figure 1). The zeta potentials of liposomes were around 40 mV regardless of the 

presence of nanohorn, suggesting that negatively charged nanohorns embedded into the cationic 

liposomes did not significantly change the zeta potential of the liposome nanoparticles. It has been 

suggested that full electrostatic stabilization requires a zeta potential >30 mV (ideally >60 mV), 

potentials between 5 mV and 15 mV result in limited flocculation, and potentials between −5 mV and +3 

mV yield maximum flocculation. [52,53] Therefore, the zeta potentials obtained in the present study 

were within the range of full electrostatic stabilization, and values near 40 mV indicate the presence of 

strong forces of repulsion among the nanoparticles and little tendency for aggregation. Furthermore, 

charged nanoparticles adsorbed to the liposome can provide additional steric stabilization of liposomes. 

[37] Thus the nanohorn-supported liposomes prepared in this study should, therefore, remain stable for 

a relatively long period of time.  

3.2.2. TEM analysis 

Figure 1 shows TEM images of nanohorns, empty liposomes, and nanohorn supported liposome 

nanoparticles. Evidently, carbon nanohorns are nearly spherical particles, approximately 100 nm in 

diameter, with a so-called ‘dahlia flower’ structure (Figure 1A). [24] The empty DOTAP liposomes and 

the nanohorn supported liposome nanoparticles (NsL) have nearly spherical shapes with sizes of 100-

300 nm (Figure 1B, 1C). The size of the nanoparticles observed by TEM was consistent with the results of 

dynamic light scattering (Table 3). As shown in Figure 1C, a nanohorn supported liposome is a 

combination of the particles shown in Figure 1A and Figure 1B.  
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Liposomes with diameters of less than 500 nm were shown to efficiently enhance the 

immunogenic performance of liposome vaccines over large liposomes (>500 nm). [54] This is expected 

because the optimal particle diameter for uptake by APCs is below 500 nm. Particles of small size are 

also essential if non-liposome vectors are to induce a high immune response.  For example poly(D, L-

lactic-co-glycolic acid) (PLGA)particles of 300 nm loaded with DNA induced much higher antibody titers 

than particles with a diameter of 1 μm. [55] Moreover, for the present study, nicotine haptens were 

designed to bind to the surface of liposomes, and thus small nanohorn supported liposome 

nanoparticles will not only fit the size requirement of particles preferred for APC uptake but also provide 

the higher surface/volume ratio that increases capacity for hapten loading. 

3.2.3. Stability of nanohorn supported liposome nanoparticles  

The efficiency of liposomes as a delivery vehicle is usually compromised after administration 

into human body by liposomal instability during storage or circulation. [56] The instability can be caused 

by oxidation, degradation or fusion of liposomes with each other. [57, 58] In vaccine development, the 

desirable size of liposomes should be less than 300 nm due to uptake preference of the major antigen 

presenting cells (especially dendritic cells). However, the fusion of liposomes tends to result in particles 

with larger size. Many strategies can overcome this problem, and among them, including PEGylation of 

the liposomes. Despite the stabilizing effect on liposomes, PEGylation may lead to reduced uptake of 

liposomes by target cells due to reduced interaction between liposomes and cells. [56, 59] In this study, 

negatively charge nanohorns were the scaffold introduced into positively charged liposomes. Figure 2 

shows that during liposome preparation, nanohorn supported liposomes exhibited better uniformity 

and smaller size than blank liposomes. Aggregates in Figure 2A indicate that even during preparation, 

liposome tended to fuse with each other to form larger particles. However, liposomes supported by 

nanohorns displayed smaller and more uniform morphology (Figure 2B). Significant fusion occurred with 

liposomes alone after storage for 5 days at 4 °C, as shown by the clusters in Figure 2C. In addition, the 
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presence of smaller particles in Figure 2C suggests that some degradation also occurred. Although 

increased size was detected in nanohorn supported liposomes, many still maintained their original size 

(Figure 2D). The comparison between liposome images with and without nanohorns suggests that 

nanohorns exerted a stabilizing effect on liposomes during both preparation and storage.  

3.3. Immunogenicity study  

3.3.1. Time course for serum IgG antibody responses to Nic-BSA, Nic-BSA-LIP and Nic-BSA-NsL 

immunization by subcutaneous injection with or without Alum 

The development of anti-nicotine immune response was determined by analyzing serum 

samples collected during animal study using ELISA. ELISA plates were coated with Nic-KLH conjugates. 

The results demonstrated that all subcutaneously-administered vaccines, each containing 50 µg Nic-BSA, 

resulted in gradual increase of serum anti-nicotine IgG antibody titers (Fig 3).  This occurred both in the 

presence and absence of Alum.   Maximum titers were obtained two weeks after the second booster of 

a vaccine. Nicotine-specific IgG antibody (NicAb) titers in the presence of Alum were higher than those 

in the absence of Alum in groups given Nic-BSA-LIP and Nic-BSA-NsL (Figure 3). No NicAb were detected 

in sera collected on day 0, showing that Nic vaccine treatment was necessary for the production of 

antibodies. After the primary immunization and two additional boosters, the titer of NicAb elicited in 

response to Nic-BSA-NsL with Alum was significantly greater than titers in other groups whether or not 

the vaccines were given with or without Alum. In addition, even in the absence of Alum, a significant 

level of nicotine-specific antibodies could be observed in the Nic-BSA-NsL group. 

In this study an NsL-based anti-nicotine vaccine delivery system was developed. When 

administered subcutaneously, the vaccine elicited a strong immune response, inducing 5 and 7 fold 

increases in total IgG titers compared to the anti-nicotine vaccine (Nic-BSA) formulated with or without 

liposomes, respectively. It is worth noting that the total antibody titer for Nic-BSA-NsL, even with the 
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absence of Alum, is similar to the titer of the nicotine vaccine by Selecta Biosciences, SEL-068® (5×104 for 

Nic-BSA-NsL, 1×105 for SEL-068®), which, based on the limited available information, has haptens 

conjugated to the surface of the nanoparticles and a universal antigen peptide encapsulated inside the 

nanoparticles. [60] It has also been reported that the anti-nicotine vaccine, which is based on virus-like 

particles (VLPs) of the RNA phage Qb to which nicotine haptens are covalently coupled via succinimate 

linkers (NicQb), induced potent and long-lived antibody responses in mice as well as humans. [61-64] 

Compared with the hapten delivered by the virus-like particles, NicQb by Cytos AG61, this nano-vaccine 

was larger in size (~100 nm compared to 25 nm) and contained lipids that induced a stronger immune 

response. [61, 65] 

3.3.2. Detection of subclass distribution of nicotine-specific antibodies after vaccination 

Human IgG consists of four subclasses contributing in different ways to humoral immunity 

against pathogens. Mice, similarly to humans, have four different classes of IgGs, namely IgG1, IgG2a, 

IgG2b and IgG3, which functionally correspond to the human IgG1, IgG2, IgG4 and IgG3, respectively. 

Despite some species differences in the IgG subclasses, the overall structure of the humoral IgG pattern 

in mice and humans are quite similar. In general, mouse IgG1 (as well as IgG4 in humans) is associated 

with a Th2 profile and the other subclasses are mainly associated with a Th1 profile. [66] In this study, 

the pattern of IgG subclasses induced by the different anti-nicotine vaccines was evaluated by using 

secondary goat anti-mouse antibodies specific for each IgG subclass. Sera from animals immunized with 

Nic-BSA+Alum showed low titers (3182, 16 and 9, respectively) of both Th2- associated IgG1 subclasses 

and Th1-associated IgG2a and IgG3 subclasses (Figure 4). Liposome-based anti-nicotine vaccines (Nic-

BSA-LIP) in the presence and absence of Alum adjuvant did not significantly enhance IgG1 and IgG3 

titers, but induced a 100-fold enhancement in anti-Nicotine IgG2a titers (1859 and 1492, respectively) 

compared to Nic-BSA+Alum (Figure 4). In contrast, NsL-based anti-nicotine vaccines (Nic-BSA-NsL) in the 

presence and absence of Alum adjuvant induced significantly higher titers of all four IgG subclasses 
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(Figure 4), with the highest titers observed for Th2-associated subclasses (IgG1>>Ig2a>Ig2b>Ig3). 

Evaluation of IgG subclasses demonstrated that NsL-based anti-nicotine vaccines are capable of inducing 

stronger humoral immune responses, indicated by the induction of significant antigen specific IgG1 and 

IgG2a titers.  

3.3.3. Th1:Th2 index calculation 

To assess whether NsL, LIP and Alum adjuvant formulation elicited a specific IgG subclass profile 

or induced an increase in all subclasses, a Th1: Th2 index was calculated for each vaccine (Table 4). Such 

index takes into consideration of both Th1-associated IgG2a and IgG3 subclasses and Th2-associated 

IgG1 subclass. The Th1:Th2 index shows that, in sera of animals immunized with Nic-BSA+Alum, the 

antibody response to nicotine was Th2 polarized and Th1: Th2 index was 0.004. However, both Th2-

related IgG1 and Th1-related IgG2a and IgG3 antibody responses were all significantly elevated in the 

mice vaccinated with the Nic-BSA using NsL or LIP-based vaccine delivery (p < 0.001) (Figure 4 and Table 

4). In addition, Th1/Th2 balance was improved after vaccination using NsL or LIP-based vaccine delivery 

even in the absence of Alum adjuvant (Th1: Th2 index 0.085 and 0.160, respectively) (Table 4).  

Vaccine-induced immune responses can be generally divided into two different biased effects: 

Th1 vs. Th2 types. Many factors can contribute to the type of specific immune response of a vaccine, 

including the type and relative amounts of antigens and adjuvants. Aluminum salts as adjuvant generally 

are well known to induce a Th2-type immune response. [67-68] On the contrary, liposomes developed 

as potential adjuvants generally elicit a Th1-type immune response. [69] In addition, Balb/c and C57BL/6 

are widely used mouse strains, showing polarized Th cell responses. Balb/c mice typically develop Th2-

skewed immune responses, whereas C57BL/6 mice are prone to Th1-dominated immunity.  [70] Our 

results demonstrated that NsL or LIP modulated immune responses from a predominantly Th2 type 

response to a mixed Th1/Th2 response. Results also demonstrated that NsL-based anti-nicotine vaccine 
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delivered by subcutaneous administration to Balb/c mice can not only significantly enhance both Th1 

and Th2 immune responses but also improve Th1/Th2 balance. However, the immunological mechanism 

of this effect is not clear and requires further investigation. 

3.3.4. Antibody affinity to nicotine 

Individual serum samples were diluted with control mice serum and dialyzed against 5 different 

nicotine concentrations. From this saturation binding experiment, the affinity (Kd), and maximum 

number of binding sites (Bmax) were determined. The antibody concentration was calculated from the 

Bmax, assuming two binding sites per antibody molecule and a molecular weight of the antibody of 150 

kD. Both values were obtained by calculating back to undiluted sera. The equilibrium dialysis method 

does not require any washing steps that might wash away low affinity antibodies, so total binding is 

measured. At the time the last blood sample was collected, the Kd for nicotine was 5.84×102±1.86×102 

nM and the Bmax was 2.85×103±1.26×103 nM, corresponding to 2.14×102±0.95×102 µg/mL of nicotine-

specific IgG in the group of mice immunized with NsL-based anti-nicotine vaccine without Alum. For the 

group of mice given NsL-based anti-nicotine vaccine with Alum, Kd and Bmax were 1.27×103±0.58×103 

and 4.14×103±1.04×103 nM, respectively, which were equivalent to 3.11×102±0.61×102 µg/mL of 

nicotine-specific IgG. Our results demonstrated that NsL-based anti-nicotine vaccines prepared in the 

absence of Alum generated an anti-nicotine antibody with high affinity and a high concentration in the 

serum of vaccinated mice. 

3.4. Preclinical animal toxicity studies 

3.4.1. Body weights, feed, and water consumption 

Mice continued to grow during their 7-week treatment with anti-nicotine vaccines. Behaviors 

such as feeding, drinking and activity were normal in all seven groups and there were no overt signs of 

toxicity. Mean body weights, weight gains, feed consumption and water consumption were all 
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equivalent (P>0.05) (Table 5). Although nicotine administration can induce weight loss and change 

eating behavior in both humans and rodents, there was no significant difference between the mice in 

the vaccinated groups and the mice in the control groups. [71-73] Our vaccines were formulated with 

low doses of nicotine hapten-BSA conjugates, which may have contributed to this benefit.  

3.4.2. Gross pathology  

Toxicities may also be indicated by changes in tissue or organ weight, size, color, and gross 

appearance. Table 6 shows body weight and organ/body weight ratios (%) of the liver, kidney, spleen, 

lung and heart of mice in the five vaccinated groups and two control groups. No significant differences 

were measured between the treated and the control groups (P > 0.05).  

3.4.3. Histopathological assessment 

Histopathological review indicated that there were no significant lesions in the heart, lung, liver, 

spleen and kidney of mice in the two control groups and the five vaccinated groups whether or not Alum 

was included in the vaccines (examples provided in Figure 5A-E). However, occasional background 

lesions were noted, especially in mice vaccinated with Alum. For example, all of these mice had 

subcutaneous necrosis with associated granulomatous inflammation (Figure 5F), some of which included 

focal epicardial calcification. [74] A pulmonary embolus was also seen in the group of mice vaccinated 

with LIP with Alum. This finding of subcutaneous lesions is in agreement with the report of Goto et al. 

suggesting that Alum injection was responsible for the induction of granulomas at the injection sites of 

guinea pigs. [75] Aluminum adjuvants have been commonly used both in veterinary and human vaccines 

for many years, but they occasionally produce subcutaneous nodules, granulomatous inflammation, and 

sterile abscesses as local side reactions. [69, 72, 78-82] Although seen in Alum-treated mice in this study, 

NsL-based anti-nicotine vaccines without Alum did not induce any histopathologic lesions at injection 

sites. 
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4. Conclusions 

A novel anti-nicotine vaccine, based on NsL NPs, has been successfully developed. The carbon 

nanohorns are negatively charged (anionic) and act as a scaffold for the assembly of cationic liposomes. 

NsL NPs were stable after an extended period of storage. The nano-vaccine induced strong, anti-nicotine 

antibody responses in mice when administrated subcutaneously, leading to production of high titer and 

high affinity anti-nicotine antibodies for treatment of nicotine dependence. The total antibody titer for 

NsL -based anti-nicotine vaccine, even without the presence of Alum, reached ~5×104. The Kd for 

nicotine was 5.84×102±1.86×102 nM and Bmax was 2.85×103±1.26×103 nM corresponding to 

2.14×102±0.95×102 µg/mL of nicotine-specific IgG for this nano-vaccine without Alum. In addition, 

evaluation of IgG subclasses demonstrated that NsL-based anti-nicotine vaccine was capable of inducing 

a more balanced Th1 and Th2 response. Furthermore, the safety evaluation of NsL NPs in mice revealed 

no apparent toxicity.  
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Table 1. Immunization scheme of mice (Balb/c). Each group had 8 mice. All vaccines (suspended in 100 
µL saline) were administered subcutaneously with one primary immunization and two boosters two 
weeks apart. 

Group No. Vaccine name Dose of immunogen (µg) Dose of Alum (mg) 

1 Nic-BSA 50 1.2 

2 Nic-BSA-LIP 50 - 

3 Nic-BSA-LIP 50 1.2 

4 Nic-BSA-NsL 50 - 

5 Nic-BSA-NsL 50 1.2 

6 LIP - 1.2 

7 NsL - 1.2 

BSA: bovine serum albumin; LIP: liposome; NsL: nanohorn supported liposome. 

 

Table 2. Determination of Nic-hapten density, Nic-BSA thiolation grade and AE and LC of Nic-BSA to NsL 
NPs. 

Molar ratio of additive 
(BSA:Nic:Traut’s 

reagent: DSPE-Mal-
PEG2000) 

Approximate no. of 
amino groups used 

Approximate no. of 
thiol groups used 

AE 
(%) 

LC 
(%) 

1: 50: 200: 4 15.1 (15) 5.69 (5) 50.4± 1.0 21.7±2.4 

1: 50: 200: 8 15.1 (15) 5.69 (5) 65.8± 1.4 25.3±4.6 

Results are expressed as means (SD) for n=3.  AE: association efficiency; LC: loading capacity. 
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Table 3. Size distribution and zeta potential of nanohorn, DOTAP liposomes, NsL and Nic-BSA-NsL in 0.15 
M pH 7.4 NaCl solution or ultrapure water. 

 Size (nm) Zeta potential (mV) Polydispersity 

nanohorn 107.8 ± 3.3 -29.5 ± 1.29 0.18 ±  0.02 

DOTAP liposomes 152.0 ± 6.0 42.8 ± 0.96 0.20 ±  0.03 

NsL 164.9 ± 2.5 47.6 ± 1.10 0.23 ±  0.02 

Nic-BSA-NsL 175.3 ± 3.2 52.2 ± 1.38 0.19 ±  0.01 

Results are expressed as means ± SD (n=3). 

 

 

Table 4. Th1:Th2 index for nicotine vaccine 

 Nic-BSA+Alum Nic-BSA-LIP Nic-BSA-
LIP+Alum 

Nic-BSA-NsL Nic-BSA-
NsL+Alum 

IgG1 
(Th2) 

(3.18±0.48)× 
103 

(4.25±1.32)× 
103 

(5.99±1.37)× 
103 

(1.91±0.03)× 
104 

(2.94±0.07)× 
104 

IgG2a 
(Th1) 

16.3±4.5 (1.49±0.29)× 
103 

(1.86±0.20)× 
103 

(2.17±0.45)× 
103 

(2.39±0.34)× 
103 

IgG3 
(Th1) 

9.4±4.2 32.4±7.7 56.5±6.5 (1.57±0.96)× 
103 

(2.85±0.92)× 
103 

Th1/Th2 
index 

0.004 0.180 0.160 0.085 0.076 

Results are expressed as mean ± SD, n=8. 
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Table 5. Effect of subcutaneous administration of nicotine vaccine on weight gains, feed consumption 

and water consumption of Balb/c mice. 

 Body Weight (g) Food Consumption Water Consumption 

 Initial Final Change (g/day) (g/day) 

LIP+Alum 18.0±1.6 20.9±1.9 2.9±0.6 2.8±0.2 4.6 ±0.5 

NsL+Alum 17.9±1.4 20.7±1.7 2.8±0.6 2.9±0.2 4.3±0.5 

Nic-
BSA+Alum 

17.4±0.7 20.4±1.1 3.0±0.7 2.6±0.1 4.2 ±0.5 

Nic-BSA-NsL 18.4±1.1 21.3±1.5 2.9±0.5 2.7±0.3 4.4± 0.6 

Nic-BSA-
NsL+Alum 

19.0±0.9 21.7±2.3 2.7±1.7 2.8±0.3 4.3± 0..7 

Nic-BSA-LIP 17.9±1.3 20.4±1.6 2.5±0.3 2.7±0.4 4.6± 0.7 

Nic-BSA-
LIP+Alum 

18.2±1.4 21.0±1.4 2.8±0.9 2.7±0.2 4.4±0.6 

Results of the mean body weight gains, feed consumption and water consumption of seven groups of 

mice are expressed as means ± SD. Data were analyzed by paired t tests and no differences were 

significant. (P＞0.05, n=8) 

 

Table 6. Effect of of nicotine vaccines on body weight and organ/body weight ratio of Balb/c mice. 

Group Body weight 
(g) 

Organ/Body Weight Ratios (%) 

Heart Lung Liver Spleen Kidney 

LIP+Alum 21.21±1.70 0.66±0.08 1.40±0.53 5.11±0.56 0.47±0.08 1.47±0.24 

Nic-BSA+Alum 20.36±1.29 0.65±0.12 1.62±0.27 5.02±0.17 0.47±0.07 1.53±0.13 

NsL+Alum 20.68±1.73 0.74±0.06 1.50±0.26 5.17±0.55 0.52±0.07 1.54±0.14 

Nic-BSA-NsL 21.28±1.52 0.74±0.08 1.39±0.22 5.28±0.53 0.47±0.06 1.53±0.15 

Nic-BSA-
NsL+Alum 

21.68±2.27 0.75±0.12 1.53±0.35 5.25±0.20 0.52±0.04 1.56±0.26 

Nic-BSA-LIP 20.43±1.58 0.65±0.13 1.59±0.41 4.92±0.39 0.46±0.05 1.51±0.18 

Nic-BSA-
LIP+Alum 

21.03±1.37 0.74±0.14 1.60±0.27 4.85±0.30 0.50±0.08 1.49±0.15 

Results of the mean body weight and organ/body weight ratio of seven groups mice are expressed as 

means ± SD. Data were analyzed by paired t tests and no differences were significant. (P＞0.05, n=8) 
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Figure 1. TEM images of (A) Nanohorn, (B) liposomes prepared with DOTAP, and (C) NsL. Scale bar in (A) 
=50 nm. Scale bar in (B) and (C) = 500 nm. 
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Figure 2. Confocal microscopic images of liposomes and nanohorn supported liposomes labeled with 
FITC (A) newly synthesized liposomes, (B) newly synthesized nanohorn supported liposomes, (C) 
liposomes after storage for 5 days, (D) nanohorn supported liposomes after storage for 5 days. 
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Figure 3. Time-course of IgG nicotine-specific response to subcutaneous immunization with nicotine 
vaccines. Mice were given 50 μg of Nic-BSA with Alum and Nic-BSA-LIP or Nic-BSA-NsL with or without 
Alum adjuvant on days 0, 14 and 28. Two groups of control animals received either LIP with Alum or NsL 
with Alum, respectively. Serum samples from eight animals per group were taken at two weekly 
intervals. Control animals showed no detectable nicotine-specific IgG. Mean nicotine-specific serum IgG 
antibody titers and the corresponding standard deviations are represented by columns and error bars 
(*P< 0.05; **P<0.01; ***P<0.001).   

http://www.google.com/search?hl=en&tbo=d&biw=1192&bih=520&spell=1&q=liver,+heart+respectively&sa=X&ei=sv2nUJ61ErHF0AGDz4GQDQ&ved=0CCoQvwUoAA
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Figure 4. Responses of IgG subclasses to subcutaneous immunization with nicotine vaccines. Mice were 
given 50 μg of Nic-BSA with Alum and Nic-BSA-LIP or Nic-BSA-NsL with or without Alum adjuvant on days 
0, 14 and 28. Serum samples from eight animals per group were taken on day 40. Mean nicotine-specific 
serum IgG subclass antibody titers and the corresponding standard deviations are represented by 
columns and error bars (*P< 0.05; **P<0.01; ***P<0.001). 
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Figure 5. Representative histopathological images of different mouse tissues after subcutaneous 
administration of nicotine vaccines. No lesions were noted in (A) heart, (B) lung, (C) liver, (D) spleen, and 
(E) kidney. Figure 5F is from a mouse given a vaccine with Alum.  Arrows indicate subcutaneous lesions.  
Scale bars in (A) - (E) are 100 μm; for (F) the scale bar is 500 μm. 
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Abstract  

Due to the many beneficial properties combined from both poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles (NPs) and liposomes, lipid-PLGA hybrid NPs have been intensively studied as cancer drug 

delivery systems, bio-imaging agent carriers, as well as antigen delivery vehicles. However, the impact of 

lipid composition on the performance of lipid-PLGA hybrid NPs as a delivery system has not been well 

investigated. In this study, the influence of lipid composition on the stability of the hybrid NPs and in 

vitro antigen release from NPs under different conditions was examined. The uptake of hybrid NPs with 

various surface charges by dendritic cells (DCs) and the cytotoxicity of lipid-PLGA hybrid NPs with 

different lipid compositions to DC were carefully studied. The results showed that PLGA NPs enveloped 
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by a lipid shell with more positive surface charges could improve the stability of the hybrid NPs, enable 

better controlled release of antigens encapsulated in PLGA NPs, as well as enhance uptake of NPs by DC.  

Keywords  

Hybrid NP; lipid composition; PLGA; surface charge; vaccine; antigen delivery  

 

1.   Introduction 

Nanoparticles made from poly(lactic-co-glycolic acid) (PLGA) or lipids have been used as drug 

delivery systems for many years. PLGA and liposome nanoparticles (NPs) share some common merits, 

such as long circulation time, biocompatibility, tunable size, and high drug loading capacity [1, 2]. 

Meanwhile, both PLGA and liposome NPs have their own unique advantages. For example, the 

degradation rate of PLGA NPs can be flexibly controlled by adjusting the molar ratio between glycolic 

acid and lactic acid [3], and substances with distinct physiochemical properties, including proteins, 

anticancer drugs, nucleic acids, and even metal NPs can be easily incorporated into PLGA NPs. On the 

other hand, liposome NPs can entrap hydrophobic drugs between lipids layer, while encapsulate 

hydrophilic payloads in the aqueous core. In addition, the surface chemistry of liposomes can be easily 

tuned to meet different requirements by simply adjusting the types or concentrations of lipids, and the 

inclusion of certain lipid molecules with terminal reactive groups offers great flexibility in conjugating 

target molecules with different chemical properties [4]. It is even possible to formulate liposomes that 

are sensitive to a wide range of external stimuli, such as heat, light, ultrasound, pH, to allow highly 

controlled release of payloads [5]. However, PLGA and liposome NPs also have their own limitations. For 

instance, the fabrication process for liposomes of accurate size is cumbersome [6], and they are also 

plagued by storage instability and burst release of the payload [7]. PLGA NPs, on the other hand, tend to 
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have short half-life during circulation in vivo [7], and the surface chemistry of PLGA NPs cannot be easily 

modified. Therefore, it would be attractive to fabricate lipid-PLGA hybrid NPs, which combine the 

desirable characteristics of both liposome and PLGA NPs, meanwhile mitigate or even avoid the 

aforementioned limitations.  

Indeed, in the past decade, lipid-PLGA hybrid NPs have exhibited great potentials as a delivery 

system for cancer drugs, antigens, as well as in vivo imaging agents. They may play an important role in 

overcoming the increasingly prevalent multidrug resistance (MDR) [8]. Encapsulation of anticancer drugs 

in both the PLGA core and the lipid layer allows the release of drugs in a step-wise manner, resulting in 

improved therapeutic index with reduced toxicity [9]. In vaccine application, vaccines delivered by hybrid 

NPs demonstrated enhanced immunogenicity [10]. Antigens can be either conjugated on the surface of 

the lipid layer, or encapsulated inside the PLGA core, or both. In addition, molecular adjuvants such as 

Monophosphoryl Lipid A (MPLA), CpG oligodeoxynucleotides (CpG OND) can be co-delivered with 

antigens to further enhance immune response and reduce systemic toxicity [11].  

Despite the broad applications of lipid-PLGA NPs, some fundamental questions have not been 

well addressed. Among them, the surface chemistry of the hybrid NPs that is governed by lipid 

composition and concentration, including surface charge, hydrophobicity, fluidity, permeability, and 

steric shielding effect of polyethylene glycol (PEG) [12], could greatly impact the performance of the NPs 

as a delivery vehicle. The understanding of how a lipid shell affects the efficacy of drug or antigen 

delivery may provide basis for more rational design of hybrid NPs. Therefore, in this study, lipid-PLGA NPs, 

which are composed of a PLGA core and a lipid shell with variable lipid compositions, were prepared. In 

order to evaluate the performance of the hybrid NPs as an antigen delivery system, a model antigen, 

keyhole limpet hemocyanin (KLH), was enclosed inside the PLGA core. The influence of different lipids 

compositions on the surface charge, size and stability of hybrid NPs was evaluated. Furthermore, the 
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release of KLH from the hybrid NPs in phosphate buffered saline (PBS), fetal bovine serum (FBS), and 

human serum were studied. The in vitro uptake of the hybrid NPs with different surface properties by 

dendritic cells (DCs) was also studied. It was found that lipid shells made from cationic lipids could 

improve the stability of NPs, enable more controlled release of antigen, and enhance the uptake of the 

NPs by DCs. In addition, hybrid NPs, regardless of the lipid composition, showed excellent safety to DCs. 

These results should provide guidance to future design of hybrid NPs for improving drug or antigen 

delivery.  

 

2.   Materials and methods 

2.1   Materials  

Lactel® 50:50 PLGA was purchased from Durect Corporation (Cupertino, CA). Lipids, including 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) 

(DSPE-PEG2000), and 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl) (ammonium salt) (NBD PE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, 

AL). KLH, poly(vinyl alcohol) (PVA, Mw 89,000-98,000), dichloromethane, rhodamine B, sodium 

deoxycholate (DOC), trichloroacetic acid (TCA), sodium dodecyl sulfate (SDS), paraformaldehyde, 

Triton™X-100 were purchased from Sigma-Aldrich Inc. (Saint Louis, MO). 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC) was purchased from Thermo Fisher Scientific 

Inc. (Rd, Rockford, IL). JAWSII (ATCC® CRL-11904™) immature DCs were purchased from ATCC (Manassas, 

VA). Fetal Bovine Serum (FBS), GM-CSF recombinant mouse protein, minimum essential medium (MEM) 

α, trypsin/EDTA, HCS CellMask™ Blue Stain were purchased from Life Technologies Corporation (Grand 

Island, NY).  
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2.2   Fabrication of PLGA-KLH (PK) nano-complex 

PLGA-KLH nano-complex was prepared using double emulsion solvent evaporation method [13]. 

Briefly, PLGA of 200 mg was dissolved in 5 mL dichloromethane, followed by mixing with 300 μL of 10 

mg/mL KLH using vortex mixer for 2 min. The resulting mixture emulsified via sonication at 20% 

amplitude for 20 s using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA). The primary 

emulsion was added dropwise into 200 mL 1% (w/v) PVA, and stirred for 10 min at 500 rpm. The above 

suspension was emulsified through sonication at 50% amplitude for 120 s. The secondary emulsion was 

stirred overnight to allow organic solvent to evaporate. After settling in room temperature for 30 min, 

precipitant was removed. NPs in suspension were collected by centrifuge at 20000 g, 4 C for 30 min 

(Beckman Coulter Avanti J-251, Brea, CA). Pellet was washed using ultrapure water for 3 times. The final 

suspension was freeze-dried (LABCONCO Freezone 4.5, Kansas City, MO) and stored at 2 C for later use. 

2.3   Assembly of liposome-PK (LPK) nano-complex 

Lipid film of 20 g with various lipid composition was hydrated with 15 mL hydration buffer (0.9% 

saline, 5% dextrose, and 10% sucrose). After vigorous mixing with vortex for 2 min, the resulting solution 

was incubated in a 55 C water batch for 5 min and cooled to room temperature. PK NPs of 200 mg was 

added into liposome solution and pre-homogenized for 15 min using Branson 2510 bath sonicator 

(Danbury, CT), followed by sonication in ice bath at 15% amplitude for 5 min (pulse on 20 s, pulse off 50 s) 

using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA). The formed LPK NPs were 

collected by centrifuge at 20000 g, 4 C for 30 min and stored at 2 C after being lyophilized. 

2.4   Labeling KLH with rhodamine B fluorescence 

Ten mg of EDC dissolved in 700 µL ultrapure water (pH 6.8) was mixed with 300 µL of 2 mg/mL 

rhodamien B. After incubation at 0 C for 10 minutes, the mixture was added with 10 mg KLH (10 mg/mL) 

and stirred in darkness at room temperature for 12 hours. Fluorescently labeled KLH was purified using 
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Microcon centrifugal filter units (50,000 MWCO) from EMD Millipore (Billerica, MA) and stored at 2 C 

after freeze dry. 

2.5   Physicochemical properties characterization of NPs 

5 mg of NPs was dispersed in 20 mL ultrapure water (pH 7.0) using a water bath sonicator for 5 

min. Each sample was diluted by 10 folds using ultrapure water. Particle size (diameter, nm), surface 

charge (zeta potential, mV) were measured using a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd, 

Worcestershire, United Kingdom) at room temperature.  

2.6   Imaging of NPs using transmission electrical microscope (TEM) 

NPs suspended in ultrapure water (5mg/mL) were dropped onto a 300-mesh Formvar-coated 

copper grid. After 10 min standing, the remaining suspension was carefully removed with wipes, and the 

samples were negatively stained using fresh 1% phosphotunstic acid for 60 s and washed by ultrapure 

water twice. The dried samples were imaged on a JEOL JEM 1400 Transmission Electron Microscope 

(JEOL Ltd., Tokyo, Japan). 

2.7   Confocal imaging of LPK NPs 

Fluorescent LPK NPs were formed using the above described methods, except that KLH were 

labeled with rhodamine B and 0.5 mg of NBD PE were added into existing lipids (DOPC: DSPE-PEG = 16 

mg : 4 mg). 100 µL of NPs suspension (1 mg/mL) was placed onto a glass slide and covered with a cover 

glass (thickness: 0.16 to 0.19 mm) from Fisher Scientific (Pittsburg, PA). The sample was imaged using 

Zeiss LSM 510 Laser Scanning Microscope (LSM) (Carl Zeiss, German). 

2.8   In vitro stability of NPs 

20 mg of NPs was suspended in 20 mL 10% (v/v) human serum (pH 7.4), 10% (v/v) FBS, 10 mM 

phosphate buffered saline (PBS), respectively. The suspensions were constantly mixed on a shaker in 

room temperature for 9 days. 150 µL samples were diluted in 2 mL ultrapure water at different time 
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points, and the particle size was measured by Malvern Nano-ZS zetasizer. The measurements were 

performed in triplicate at room temperature. 

2.9   Determination of KLH content in NPs 

KLH in NPs was quantified using a modified method [14]. Briefly, 10 mg of NPs was dissolved in 1 

mL of 0.1 M NaOH solution, and incubated at 2 C for 12 h. The solution pH was adjusted to 7.0 using 1 

M HCl. Two hundred µL of DOC (0.15, w/v) was added and the final volume was adjust to 2 mL using 

ultrapure water. After sitting at room temperature for 15 min, the mixture was added with 200 µL of TCA 

(80%, w/v) and incubated for 5 min. Samples were vortexed for 2 min and centrifuged at 5000 g for 20 

min at room temperature. Pellets were dissolved in 500 µL of SDS (5%, w/v) containing 0.01 M NaOH. 

Following the protocol from supplier, KLH concentration was determined using Micro BCA Protein Assay 

Kit (Thermal Scientific, Rockford, IL). 

2.10   In vitro release of KLH from NPs in human plasma  

5 mg of NPs containing rhodamine B labeled KLH were suspended in 1 mL of 10% (v/v) human 

serum (pH 7.4), and incubated in darkness (covered by foil) at 37 C. Samples were centrifuged at 10000 

g for 15 min at determined time points. The supernatant (200 µL) was added into a blank 96 well plate 

(Thermal Scientific, Rockford, IL), and measured using Synergy HT Multi-Mode Microplate Reader (BioTek 

Instruments, Inc., Winooski, VT) with excitation at 530 nm and emission at 590 nm. The pellets were re-

suspended in 1 mL of 10% (v/v) human serum. Release of KLH at certain time points was calculated by 

using following equation: KLH release% = Absorbance at certain time point/Total absorbance×100.  

2.11   Flow cytometry measurement of endocytosis of NPs by DCs 

JAWSII (ATCC® CRL-11904™) immature DCs from ATCC were cultured with alpha minimum 

essential medium (80%v) including ribonucleosides, deoxyribonucleosides, 4 mM L-glutamine, 1 mM 

sodium pyruvate and 5 ng/ml murine GM-CSF, and fetal bovine serum (20%v) at 37 C, 5% CO2 in 24 well 
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plates (CORNING, Tewksbury, MA). NPs were assembled according to the above mentioned method, 

except that KLH was labeled with rhodamine B and 0.5 mg of NBD PE was added to existing lipids. 1 mg 

of NPs suspended in 2 mL complete medium with a final concentration of 0.5 mg/mL was added into 

each well containing 106 cells, and incubated for 1 h, 2 h, and 3 h, respectively. After incubation, the 

medium was immediately removed and cells were washed with ultrapure water for 5 times. Cells were 

detached from culture plate using trypsin/EDTA solution and centrifuged at 200 g for 10 min, and cell 

pellets were re-suspended in 10 mM PBS (pH 7.4). Cell samples were immediately analyzed using flow 

cytometer (BD FACSAriaⅠ, BD, Franklin Lakes, NJ). 

2.12   LSM imaging of endocytosis of NPs by DCs 

Cells were cultured in 4 well chamber slide (Thermo Fisher Scientific Inc., Rd, Rockford, IL) using 

the same method described above. NP (0.1 mg) suspended in 500µL complete medium with a final 

concentration of 0.2 mg/mL was incubated with 105 cells for certain time (1 h, 2 h, and 3 h) at 37 C, 5% 

CO2. After incubation, medium was immediately removed and cells were washed with ultrapure water 

for 5 times. Freshly prepared 4% (w/v) paraformaldehyde (500 µL) was added into each well, and cells 

were fixed for 15 min and washed 3 times using PBS (10 mM, pH 7.4). Fixed cells were permeabilized 

using 500 µL of 0.1% (v/v) Triton™ X-100 for 15 min at room temperature, and washed 3 times using PBS 

(10 mM, pH 7.4). Cells were stained using 500 µL of freshly diluted 1X HCS CellMask™ Blue Stain for 15 

min, and washed 3 times using PBS (10 mM, pH 7.4). Cell samples were covered with a glass cover and 

sealed by nail polish. Images were acquired using Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss, 

German). Each step was carried out in darkness as much as possible to avoid fluorescence quenching. 

2.13   Statistical analysis 

All experiments were performed with at least triplicate. Results were expressed as mean ± 

standard deviation. Different treatment groups in stability test were compared by one-way ANOVA 
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following Tukey test using the JMP pro 10 (SAS, Cary, NC). Differences were considered significant at p-

values that were less than or equal to 0.05. 

3.   Results and discussion 

3.1   Characterization of PK NPs and LPK NPs 

PK NPs (Schematically illustrated in Figure 1 A) were prepared through double emulsion and 

evaporation technique, and LPK NPs (Schematically illustrated in Figure 1 B) were generated from 

sonication aided fusion of PK NPs into liposomes. The physicochemical properties, including particle size, 

polydispersity, surface charge, and antigen content of the NPs were characterized. In PK NP preparation, 

3 mg of KLH was added into 200 mg PLGA during the primary emulsion, and the results indicated that 

around 75% of the KLH was entrapped inside PLGA. The KLH contents in LPK NPs were slightly less (Table 

1), and the decrease is possibly due to the extra weight from liposome and loss of KLH during LPK NP 

preparation. Table 1 also shows that PK NPs have a size of 191.0±15.3 nm, while all LPK NPs, ranging 

from 208±12.0 nm to 232±34.5 nm, are slightly bigger. Such an increase in size is probably caused by the 

addition of a lipid layer on surface of the PLGA NP [15]. Nevertheless, all NPs are well smaller than 500 

nm, a size that has been shown to enable the NPs to be efficiently uptaken by DCs for vaccine 

applications [16]. The low polydispersity value (lower than or equal to 0.240±0.019) for each NP 

indicates that the size distributions of all NPs are in a very narrow range, reflecting high effectiveness and 

robustness of the preparation method. Surface charge of LPK NPs expressed as zeta potential is largely 

dependent on the composition of lipid layer. PK NPs with carboxyl groups on the surface showed the 

lowest zeta potential (-9.7±1.1 mV) among all NPs. Compared to PK NPs, LPK NPs exhibited positively 

shifted zeta potential, which might be attributed to the shielding effect of DSPE-PEG (2000) and the small 

amount of ammine groups on PEG molecules [17]. The positive zeta potentials of LPK++ and LPK+ NPs are 

probably attributed to the positive charges carried by DOTAP. The results from zeta potential 
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measurement demonstrated that the surface charges of hybrid NPs can be flexibly controlled by 

modulating the lipids composition. 

Incorporation of long chain PEG molecules on the surface of NPs is of significant importance as 

they can not only protect NPs from degradation by enzymes during in vivo circulation [18], increasing the 

stability of NPs and prolonging circulation time [19], but also allow the inclusion of reactive groups in 

PEG molecules to offer flexible conjugation of various antigens [20]. For targeted delivery purposes, 

antibodies or affinity ligands against receptors of target cells or tissues may be conjugated to the surface 

of NPs via PEG chains [21, 22].                   

The morphology of NPs was studied using TEM. Consistent with the particle size measured using 

dynamic light scattering (DLS) (Table 1), both PK NPs (Figure 1 C) and LPK NPs (Figure 1 D) displayed a 

highly uniform particle size (around 200 nm) and narrow size distribution. Most of the NPs showed a 

smooth surface and were of a spherical shape. Compared to PK NPs, there is a grey membrane covering 

LPK NPs (Figure1D), demonstrating the successful hybridization of PK NPs and liposomes. The thickness 

of the membrane is around 20 nm, which is equal to the thickness of a lipid bilayer [15].  

To further confirm that PK NPs were successfully hybridized with lipids, LPK NPs comprising PK NPs (KLH 

was labeled with rhodamine B (red color)) and lipids layer (lipids were labeled with nitro-2-1,3-

benzoxadiazole (NBD) (green color)) were examined using confocal LSM. Figure 2 shows the hybrid NPs 

are marked with both red and green fluorescence, confirming that there is a lipid membrane layer on the 

surface of PK NPs. It is worth noting that the majority of NPs are double-color labeled, indicating the high 

efficiency of sonication induced hybridization of PLGA NPs and liposomes.  

3.2   Stability of NPs in PBS, FBS and human serum 

For vaccines, having a desirable stability could ensure prolonged circulation in blood and 

sustained induction of immune response. Size stability of NPs in various solution, (A) 10 mM PBS, (B) 10% 
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(v/v) FBS, and (C) 10% (v/v) human serum, was evaluated by DLS (Figure 3). All the NPs, especially LPK 

NPs were highly stable during incubation in 10 mM PBS (Figure 3 A): no significant size change of LPK NPs 

was detected over 8 days of test; the size of PK NPs did not increase until day 7. In both FBS (Figure 3 B) 

and human serum (Figure 3 C), marked size change was detected for PK NPs after 4 h of incubation. In 

contrast, all the LPK NPs stayed stable for at least 2 days in both FBS and human serum. Especially LPK++ 

NPs kept constant size in FBS for 7 days and in human serum for 8 days. Interestingly, size stability of LPK 

NPs appears to be related to lipid compositions; NPs with more positive charges exhibited higher stability 

compared to those with less positive charges. Higher stability of positively charged hybrid NPs may be 

resulted from strong electrostatic attraction between cationic lipid layer and anionic PLGA core [22, 23].  

3.3   In vitro release of antigen from NPs 

The evaluation of in vitro antigen release from NPs in human serum could simulate the antigen 

release in vivo. In agreement with other reports that a lipid shell could help retain molecules loaded 

inside PLGA cores [15], in this work, LPK NPs displayed more controlled and delayed release of the 

payload, KLH. As shown in Figure 4, a burst release was observed between 10 h and 12 h for PK NPs, and 

more than 70% of KLH was released in the first 16 h. In contrast, more than 50% of the KLH was released 

between 16 h and 96 h for LPK NPs, and in particular, only 35% and 37% percent of KLH were released in 

the first 16 h for LPK++ and LPK+ NPs, respectively. The regulated release of KLH in LPK NPs is probably due 

to the presence of a lipid bilayer that acts as a barrier to reduce KLH diffusion from the PLGA core to the 

bulk solution, and the PEG shield that delays the enzymatic degradation of NPs [24]. Consistent with the 

results from size stability study, antigen release from NPs with more positive surface charges was slower 

than the release from NPs with less positive charges. The slower antigen release may be attributed to the 

tighter association of the lipid layer with the PLGA core, which reduces the diffusion of KLH from NPs into 

the bulk solution. Delayed antigen release from NPs may reduce loss of antigen during circulation and 

increase bioavailability of antigen to DCs, thereby enhancing immune response. 
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3.4   Endocytosis of NPs by DCs 

Dendritic cell is the most professional antigen presenting cell that can initiate and regulate 

adaptive immune response [25, 26]. Higher internalization efficiency of NPs by DCs may lead to more 

activated T helper cells, resulting in enhanced immune response. Fluorescently marked NPs were added 

into immature DCs from mouse to study the uptake of NPs by DCs. Results from flow cytometry 

measurement (Figure 5) showed that higher internalization efficiency was observed in all LPK NPs 

compared to PK NPs. In the first hour after NP treatment, only 28% of DCs had taken up PK NPs, and 

while 77%, 63%, 39%, and 50% of DCs had taken up LPK++, LPK+, LPK--, and LPK- NPs, respectively. After 3 

h of incubation, more than 90% of DCs have internalized LPK NPs in all four groups; however, only 52% of 

DCs have taken up PK NPs. Evidently, surface charge has a great impact on NP uptake. For example, 77% 

of DCs ingested LPK++ NPs in the first hour of incubation, but only 39% for LPK-- NPs. Faster uptake of NPs 

by DCs is important because it should reduce the clearance of NPs by reticuloendothelial system (RES), 

avoid premature degradation by enzymes, and increase the availability of antigens to the immune 

system. LSM images (Figure 6) also confirmed that LPK NPs had superior uptake efficiency in comparison 

to PK NPs. In the first hour after NPs treatment, only few PK NPs were internalized by DCs; in contrast, 

both LPK++ and LPK-- NPs with large quantities were taken up by DCs (Figure 6 A). After 2 h, the 

internalized PK NPs located in a small area of the cell, while LPK NPs were widely distributed in cells 

(Figure 6 B). Faster uptake of LPK NPs by DCs is probably due to the coating lipid bilayer that could mimic 

cell membrane to fuse with plasma membrane of DCs. Consistent with the results from flow cytometry 

study, more LPK++ NPs were ingested by DCs than LPK-- NPs within the same period of time, suggesting 

DCs could more efficiently capture NPs with more positive surface charges. The faster uptake of LPK++ 

NPs may be due to the electrostatic attraction between positive surface charges on LPK++ and negative 

charges on plasma membrane of DCs.  
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4.   Conclusions 

In summary, lipid-PLGA hybrid NPs with variable lipid compositions were constructed. As a 

potential antigen delivery system, lipid-PLGA NPs exhibited superior quality in comparison to PLGA NPs 

in terms of stability, antigen release, and particle uptake by DCs. The in vitro performance of lipid-PLGA 

NPs was highly influenced by the composition of the lipid layer, which dictates the surface chemistry of 

hybrid NPs. Hybrid NPs enveloped by lipids with more positive surface charges demonstrated higher 

stability, better controlled release of antigen, and more efficient uptake by DC than particles with less 

positive surface charges. The results should provide basis for future design of lipid-PLGA hybrid NPs 

intended for antigen delivery.  
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Figure 1. TEM images of hybrid NPs. (A) Schematic illustration of PK NP. (B) Schematic illustration of LPK 
NP. (C) TEM image of PK NPs, which highlights the uniform size and spherical shape of PK NPs. (D) TEM 
image of hybrid LPK NPs, which shows the lipid bilayer enclosed PK NPs. The scale bars represent 200 
nm. 
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Figure 2. Confocal images of LPK NPs, in which KLH was labeled with rhodamine B (red) and liposome 
was labeled with NBD (green), confirmed that PK NPs was enclosed by liposome. Scale bars represent 10 
μm. 
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Figure 3. In vitro stability of NPs: (A) 10 mM PBS, (B) 10% (v/v) FBS, and (C) 10% (v/v) human serum. 
Sizes of all NPs, except PK NPs were stable in PBS over 9 days’ incubation. LPK NPs demonstrated 
superior stability compared to PK NPs in the three solutions. In both FBS and human serum, sizes of all 
NPs increase more quickly compared to that in PBS. The inset pictures show antigen release from NPs 
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within 10 hours incubation.** indicates that the size of NPs at this point was significantly higher 
compared to that at 0 h (P-value<0.05). 

 

Figure 4. Release of KLH contained in NPs in 10% human serum (pH 7.4) at 37 0C. All NPs exhibited a 
prolonged release of KLH. PK NPs showed a burst release of KLH between 8 h and 10 h. LPK displayed a 
delayed release profile, in which the largest percentage release occurred between 16 h and 24 h. The 
extent of release was also dependent on the composition and charged of the NPs. 
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Figure 5. Flow cytometer measurement of uptake of PK NPs, and LPK NPs by JAWSⅡ DCs. 1 mg of NPs 

was incubated with 106 cells for 1 h, 2 h, and 3 h, respectively. As time lapsed, more NPs were ingested 
by cells. Enhanced uptake of LPK NPs by DCs was observed compared to PK NPs. DCs are more readily to 
uptake positively charged NPs compared to negatively charged NPs. Most of the cells (>90%) had taken 
up LPK NPs in 3 h, and while only 52% of the cells had taken up PK NPs. 
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Figure 6. Confocal images of internalization of PK NPs, and LPK NPs by JAWSⅡDCs. 105 cells were 

incubated with 0.1 mg NPs for 1 h (A), 2 h (B), and 3 h (C), respectively. Red color is rhodamine B, which 

was used to label KLH; green color is NBD PE, which was used to label lipid layer; blue color is CellMask™ 

Blue Stain, which was used to label cell membrane. Both positively charged LPK NPs and negatively 

charged LPK NPs were internalized more readily by cells than PK NPs. Scale bars represent 5 μm. 

 

 



119 

 

 

Table 1. Components, physicochemical properties and the KLH content of various NPs. 
Group Components of NPs (mg) Size 

(dm. nm) 
Polydispersity Zeta potential 

(mV) 
KLH content 

(%) 

 PLGA KLH DOTAP DOPC DSPE-PEG  

PK 200 3 0 0 0 191.0±15.3 0.199±0.012 -9.7±1.1 1.12±0.21 

LPK++ 200 3 16 0 4 213±38.7 0.231±0.022 13.9±1.3 1.11±0.22 

LPK- 200 3 2 14 4 232.4±34.5 0.248±0.018 -3.6±1.4 1.05±0.10 

LPK+ 200 3 14 2 4 222.6±21.0 0.240±0.019 6.4±1.1 0.92±0.15 

LPK 200 3 0 16 4 208.0±12.0 0.219±0.023 -5.5±0.9 0.84±0.03 
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Abstract 

The ability for a nano delivery system to remain stable during circulation in vivo, as well as 

enable rapid release of the encapsulated antigens in dendritic cells (DCs) would be of great value in 

vaccine development. Hybrid nanoparticles (NPs) have been extensively studied as antigen delivery 

vehicles, but very few of those particles were able to realize intracellular controlled release of antigens in 

DC. Here, a nano hybrid particle consisting of a pH sensitive lipid shell and a poly (lactic-co-glycolic) acid 

(PLGA) core was constructed. This NP has mean size of 120.1±8.8 nm and positively charged surface (zeta 

potential of 14.2±1.4 mV). The lipid shell of the hybrid NP was quickly disintegrated in response to a low 

pH challenge, which resembles the acidic environment of endosomes in DC. The hybrid NPs exhibited 

minimal antigen release in human serum at physiological pH, but a faster release of antigen from this NP 

compared to non-pH sensitive NPs was observed in DC.  

mailto:chzhang2@vt.edu
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Keeping all the favorable characteristics of traditional hybrid NPs as well as facilitating controlled release 

of antigen in DC make this hybrid NP a promising antigen delivery system for vaccine development. 

Keywords: Dendritic cell; Hybrid nanoparticle; Liposome; PLGA; pH-sensitive lipid; Vaccine  

1.   Introduction 

As the most professional antigen presenting cell (APC), dendritic cells (DCs) play a critical role in 

adaptive immune response.[1] Immature DCs are widely and sparsely distributed in the periphery tissues, 

including skin, nose and lungs, scanning surrounding areas for invading foreign materials. [2] Upon 

internalizing antigens, DCs will be activated, commence maturation and start to migrate into the nearest 

lymph node, where the processed antigen peptides associated with MHC molecules can be presented to 

naïve T cells, triggering their subsequent activation.[3] The maturation of DCs is of particular importance 

to vaccine development, because rapid maturation may lead to rapid activation of naïve T cells, and the 

degree of maturation can also affect the magnitude of the immune response via the expression of MHC 

molecules, costimulatory molecules, and cytokines by DC.[4]  

Currently, NP based vaccine delivery systems are considered to hold great promise for enhancing 

the immunogenicity of conventional antigens due to their advantages of more pathogen-like morphology, 

co-delivery of adjuvants, high antigen loading capacity, protection of antigens such as proteins, peptides, 

and DNAs from degradation during circulation, and sustained release of antigens.[5-7] Normally, NPs are 

designed to be stable enough to avoid premature release of the enclosed effector molecules. However, it 

is possible that such stability may overprotect antigens from enzymatic processing in endosomes after 

uptake by DCs, resulting in slow and incomplete induction of an immune response, thus compromising 

the efficacy of the vaccine. It is reasonable to believe that the timely release of antigens and adjuvants 

contained in NPs after internalization may facilitate the maturation of DCs and promote an immune 

response. Therefore, it is desirable to devise a delivery system that could not only protect the antigen 
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from premature degradation, but also enable the timely release of antigens and adjuvants in the 

endosomes of DCs. 

In addition to the common advantages enjoyed by NPs as mentioned above, NPs made from 

poly(lactic-co-glycolic) acid (PLGA) or lipids have been extensively used as vaccine and drug delivery 

systems due to their biocompatibility and biodegradable characteristics.[8-10] Hybrid NPs composed of 

PLGA and lipids have been constructed to improve cancer drug delivery and imaging diagnosis [11, 12]. 

Previous work in our lab (data not published) showed that liposome-polymeric hybrid NPs could 

potentially be applied as a vaccine delivery system due to their large antigen loading capacity, tunable 

physiochemical properties, and excellent stability in human plasma. However, previous researchers 

mainly focused their work on how to improve the stability of NPs for antigen delivery,[13, 14] while 

ignoring the possibility that “overprotection” may occur to delay the release of antigens in target 

cells.[15]    

In order to devise a NP for vaccine delivery that can minimize the loss of the enclosed antigens 

during circulation as well as enable timely release of the antigens in immune cells, a lipid-PLGA hybrid NP 

was constructed in our laboratory. The hybrid NP on one hand exhibited excellent stability in human 

plasma to enable extended circulation of NPs, and on the other hand allowed rapid release of the 

enclosed antigen in response to acidification in endosomes after uptake by DCs. These features should 

enable antigens delivered by this NP to induce a rapid and complete immune response as well as 

produce prolonged immunity. This hybrid nanosystem consists of a shell made from pH sensitive lipids 

and an inner PLGA core. The physicochemical properties of the nano hybrid were evaluated in terms of 

size, surface charge, morphology, in vitro release profile of the enclosed antigen, its uptake by DCs, and 

intracellular release of the enclosed antigen. All nanoparticles tested exhibited good stability under 

physiological pH. However, in contrast to non-pH sensitive hybrid NPs, the lipid shell of pH sensitive NPs 
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could be readily disintegrated to allow rapid release of the enclosed antigens in response to a low pH 

challenge (Scheme). All results to date suggest that the pH sensitive hybrid NPs are particularly suitable 

for addressing the “overprotection” and are capable of controlling the release of the enclosed antigens. 

2.   Materials and methods 

2.1   Materials  

Lactel® 50:50 PLGA was purchased from Durect Corporation (Cupertino, CA). Fetal bovine serum 

(FBS), GM-CSF recombinant mouse protein, minimum essential medium (MEM) α, trypsin/EDTA, 

CellMask™ Orange Plasma membrane Stain, Alexa Fluor® 647 hydrazide, tris(triethylammonium) salt 

were purchased from Life Technologies Corporation (Grand Island, NY). Lipids, including 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesteryl 

hemisuccinate (CHEMS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000), 

and  1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 

(ammonium salt) (NBD PE) were purchased from Avanti Polar Lipids, Inc. ( Alabaster, AL). Keyhole limpet 

hemocyanin (KLH), poly (vinyl alcohol) (PVA, Mw 89,000-98,000), dichloromethane (DCM), rhodamine B 

(Rhod B), paraformaldehyde, Triton™X-100 were purchased from Sigma-Aldrich Inc. (Saint Louis, MO). 1-

Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) was purchased from Thermo Fisher 

Scientific Inc. (Rd, Rockford, IL). JAWSII (ATCC® CRL-11904™) immature dendritic cells were purchased 

from ATCC (Manassas, VA). All other chemicals were of analytical grade.  

2.2   Methods 

2.2.1   Synthesis of KLH containing PLGA (PK) NPs 

PK NPs were prepared using a reported double emulsion solvent evaporation method with 

modifications.[16] Briefly, PLGA (20 mg) was dissolved in DCM (2 mL), followed by mixing with 50 μL of 
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KLH (10 mg/mL) using a vortex for 2 min. The resultant mixture was emulsified via sonication at 20% 

amplitude for 20 s using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA). The primary 

emulsion was added dropwise into 100 mL PVA (1% (w/v)), and continuously stirred for 10 min at 500 

rpm. The above suspension was emulsified through sonication at 50% amplitude for 120 s. The 

secondary emulsion was stirred overnight to allow DCM to evaporate. Large particles were removed 

after the mixture stood at room temperature for 30 min. NPs in suspension were collected by 

centrifugation at 20,000 g, 4 C for 30 min (Beckman Coulter Avanti J-251, Brea, CA). The pellet was 

washed 3 times using ultrapure water. The final suspension was freeze-dried (LABCONCO Freezone 4.5, 

Kansas City, MO), and NPs were stored at 2 C for later use. 

2.2.2   Assembly liposome-PK (LPK) hybrid NPs 

A lipid film (10 mg) containing given lipids was hydrated with 5 mL, 55C pre-warmed hydration 

buffer (0.9% saline, 5% dextrose, and 10% sucrose). The resulting suspension was vigorously mixed using 

a vortex for 2 min, followed by incubation at 55 C for 5 min and cooling to room temperature. PK NPs 

(10 mg) were added into the liposome suspension and pre-homogenized for 15 min using a Branson 

2510 bath sonicator (Danbury, CT), followed by sonication on ice bath at 15% amplitude for 5 min (pulse 

on 20 s, pulse off 50 s) using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA). The 

formed LPK NPs were collected by centrifugation at 20,000 g, 4 C for 30 min, lyophilized, and stored at 2 

C. 

2.2.3   Labeling KLH with Rhod B or Alexa Fluor® 647 hydrazide 

The coupling of fluorescent dyes to KLH was done by a method described in a previous study.[17] 

Ten mg of EDC dissolved in 700 µL ultrapure water (pH 6.8) were mixed with 300 µL of 2 mg/mL Rhod B. 

After incubation at 0 C for 10 minutes, the product was mixed with 5 mg KLH (10 mg/mL) and stirred in 

darkness at room temperature for 12 h. For Alexa Fluor® 647 hydrazide labeling, 5 mg of EDC in 800 µL 
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ultrapure water (pH 6.8) was incubated with 5 mg KLH (10 mg/mL) at 0 C for 10 minutes, followed by 

reaction with 100 µg Alexa Fluor® 647 hydrazide in darkness at room temperature for 10 h. Fluorescently 

labeled KLH was purified using Microcon centrifugal filter units (50,000 MWCO, EMD Millipore, Billerica, 

MA), freeze-dried, and stored at 2 C. 

2.2.4   Characterizing physicochemical properties of NPs 

One mg of NPs was dispersed in 5 mL ultrapure water (pH 7.0) using a bath sonicator for 5 min. 

Each sample was diluted by 10 fold using ultrapure water, and the particle size (diameter, nm) and 

surface charge (zeta potential, mV) were measured using a Malvern Nano-ZS zetasizer (Malvern 

Instruments Ltd, Worcestershire, United Kingdom) at room temperature.  

2.2.5   In vitro size stability of NPs under low pH  

For these experiments, all the NPs were synthesized in the same batch. One mg of NPs was 

suspended in 5 mL, 10 mM phosphate buffered saline (PBS) with initial pH of 7.4, and then the pH was 

lowered to 5.5 for each group. The original particle size in pH 7.4 and that after being treated with pH 5.5 

for 10 min were measured.  

2.2.6 In vitro KLH release from NPs treated with low pH human plasma 

Five mg of LPK NPs containing Rhod B labeled KLH were suspended in 10 mL (5% v/v) human 

plasma (pH 7.4) and continuously stirred at room temperature. After 24 h incubation, the pH was 

lowered to 5.5 for each group and treated for another 48 h. The released KLH was separated from NPs 

via centrifugation at 20,000 g for 30 min at indicated time points. The NPs were re-suspended in human 

plasma and the released KLH in supernatant was measured using Synergy HT Multi-Mode Microplate 

Reader (BioTek Instruments, Inc., Winooski, VT) with excitation at 530 nm and emission at 590 nm. The 

percentage of released KLH at given time points was calculated using the following equation: % KLH 

released = Absorbance at a given time point/Total absorbance×100.        
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2.2.7   Imaging NPs using transmission electrical microscopy (TEM) 

NP suspensions (1 mg/mL) before and after pH 5.5 treatment were dropped onto a 300-mesh 

Formvar-coated copper grid. After standing 10 min, the remaining suspension was carefully removed 

with wipes, and the samples were negatively stained using fresh 1% phosphotunstic acid for 60 s and 

washed by ultrapure water twice. The dried samples were imaged on a JEOL JEM 1400 Transmission 

Electron Microscope (JEOL Ltd., Tokyo, Japan). 

2.2.8   Imaging LPK NPs using confocal laser scanning microscope (LSM) 

A Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss, German) was used to image pH sensitive 

NPs containing Alexa Fluor® 647 hydrazide labeled KLH and NBD PE labeled lipid shells. 

2.2.9   Fourier transform infrared (FT-IR) spectroscopy analysis of NPs 

The spectrum of freeze-dried pH sensitive liposome, PLGA NPs, and the hybrid NPs were 

recorded on a Thermo Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). 

The spectrum was taken from 4000 to 400 cm-1.  

2.2.10   Flow cytometry measurement of endocytosis of NPs by DCs 

JAWSII (ATCC® CRL-11904™) immature dendritic cells from ATCC were cultured with alpha 

minimum essential medium (80%v) including ribonucleosides, deoxyribonucleosides, 4 mM L-glutamine, 

1 mM sodium pyruvate and 5 ng/mL murine GM-CSF, and fetal bovine serum (20%v) at 37 C, 5% CO2 in 

24 well plates (CORNING, Tewksbury, MA). NPs were assembled according to the above mentioned 

method, except 0.25 mg NBD PE was added into the existing lipids. Two hundred µg of NPs were added 

into each well containing 2×106 cells, and incubated for 5 h. After incubation, the medium was 

immediately removed and cells were washed 5 times with ultrapure water. Cells were detached from 

culture plate using trypsin/EDTA solution and centrifuged at 200 g for 10 min, then cell pellets were re-
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suspended in 10 mM PBS (pH 7.4). Cell samples were immediately analyzed by flow cytometry (BD 

FACSAriaⅠ, BD, Franklin Lakes, NJ). 

2.2.11   Imaging endocytosis of NPs by DCs using LSM 

Cells were cultured in a 4 well chamber slide (Thermo Fisher Scientific Inc., Rd, Rockford, IL) 

using the same method described above. One hundred µg NPs were incubated with 2×105 cells for 8 h at 

37 C, 5% CO2. After incubation, the medium was immediately removed and cells were washed 5 times 

with ultrapure water. Freshly prepared 4% (w/v) paraformaldehyde (500 µL) was added into each well, 

and cells were fixed for 15 min.  This was followed by washing 3 times with PBS (10 mM, pH 7.4). Fixed 

cells were permeabilized using 500 µL of 0.1% (v/v) Triton™ X-100 for 15 min at room temperature, and 

washed 3 times using PBS (10 mM, pH 7.4). Cells were stained using 500 µL of freshly diluted 1X 

CellMask™ Orange Plasma membrane Stain for 15 min, and washed 3 times using PBS (10 mM, pH 7.4). 

Cell samples were covered with a glass cover and sealed by nail polish. Images were acquired using a 

Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss, Germany). 

2.2.12   Imaging distribution of NPs in DCs using TEM 

Petri dishes containing 4×106 immature DCs were supplemented with 500 µg of the three types 

of NPs. After 5 h incubation, the medium containing un-internalized NPs was removed and cells were 

washed with 5 times with ultrapure water. Cell samples were prepared for TEM using the following 

procedure: Cells were washed 2 times in 0.1 M Na-Cacodylate for 15 minutes each, and then post-fixed 

in 1% OsO4 in 0.1 M Na-Cacodylate for one hour. OsO4 was discarded, and the samples were washed two 

times for 10 minutes each in 0.1 M Na-Cacodylate. Cell samples were dehydrated in solutions containing 

increasing ethanol concentration as follows: 15%, 30%, 50%, 70%, 95%, and 100% (15 minutes in each 

ethanol solution). Dehydration was completed by submerging cell samples in propylene oxide for 15 

minutes. Cells were infiltrated with a 50:50 solution of propylene oxide:Poly/Bed 812 for 6-24 hours, 
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then embedded using freshly prepared 100% Poly/Bed 812 in flat embedding molds, and placed in a 60 

oC oven for at least 48 hours to cure. Images were acquired using a JEOL JEM 1400 Transmission Electron 

Microscope (JEOL Ltd., Tokyo, Japan).   

2.2.13   Statistical analysis 

All experiments were performed in at least triplicate. Data were expressed as mean ± standard 

deviation (SD). Significant tests were conducted using one-way ANOVA followed by Tukey test (JMP pro 

10). Differences were considered significant at P-values that were less than or equal to 0.05. 

3.   Results 

3.1   Characterization of the physicochemical properties of LPK hybrid NPs 

The hydrodynamic size and ploydispersity of various NPs were characterized using dynamic light 

scattering (DLS), and the results are shown in Table 1. The average sizes for negatively charged LPK (LPK-), 

positively charged (LPK+), and pH sensitive (LPKpH) NPs are 127.5±5.2 nm, 123.0±7.4 nm, and 120.1±8.8 

nm mean ± SD, respectively. Surface charges, measured in term of zeta potential, were -11.7±1.8 mV, 

24.7±0.5 mV, and 14.2±1.4 mV, respectively, which evidently depends on the lipid composition of NPs. 

The polydisperisty of NPs ranges between 0.18±0.04 and 0.21±0.02 for the three different types of 

particles. The hybridization of lipids and PLGA NPs containing KLH was verified via confocal microscopy, 

in which the lipid shell was labeled with NBD PE (green) and KLH was labeled with Alexa Fluor® 647 

hydrazide (red), respectively. As shown in Figure 1, all particles that were labeled with red (left panel) 

were concomitantly stained with green fluorescence (middle panel), indicating a lipid shell was 

successfully formed outside PK NPs. Moreover, no disassociated liposomes in the merged image were 

detected, suggesting that liposomes could be readily coated onto PK NPs. The size and narrow size 

distribution of NPs displayed in the confocal images were consistent with the size and small 

polydispersity of NPs measured by DLS. In order to further confirm that pH sensitive lipids were coated 
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onto PLGA NPs, the FTIR spectrums of pH-sensitive liposomes, PLGA NP, and pH sensitive liposome-PLGA 

(LPpH) hybrid NP were taken. As shown in Figure 2, a peak of LPpH NP was observed at 1081 nm, which 

includes contributions by the peaks at 1062 nm and 1089 nm of the liposome and PLGA NP, respectively. 

Compared to the other two NPs, an increased peak is shown at 1228 nm for LPpH NPs, due to the 

contributions of the peaks at 1220 nm and 1234 nm of the liposome and PLGA NPs, respectively. A 

combined peak also occurs at 1739 nm with LPpH NPs. In addition, a unique peak belonging to liposome 

at 2852 nm is shown in hybrid NPs. Similarly, a peak at 3297 nm, which only occurs with PLGA NPs, was 

also detected in hybrid NPs. Considering all the evidence together, the results from FTIR analysis prove 

that the pH sensitive liposome was successfully hybridized with PLGA NPs.  

The morphology of PK NPs and LPK NPs was studied using TEM (Figure 3). PK NP is schematically 

illustrated in Figure 3A, and its TEM image is displayed in Figure 3C. Agreeing with the illustration 

presented in the Scheme, PK NP is a spherical particle with a diameter around 100 nm. In contrast, LPK 

NP has a lipid shell outside PK NP, as illustrated in Figure 3B, and its TEM image (Figure 3D) confirms that 

there is a lipid layer coating the white spherical PK NP.  

3.2   Stability of NPs in response to a low pH treatment  

The stability of NPs was evaluated by measuring the change of their size. The size distributions 

for each particle before and after the low pH treatment are shown in Figure 4. Neither LPK- NPs (Figure 

4A) nor LPK+ NPs (Figure 4B) underwent significant size changes after being treated with pH 5.5 PBS 

buffer for 10 min. The average sizes with and without the low pH treatment were 123.6±1.8 nm and 

122.6±2.0 nm, 122.9±2.0 nm and 120.7±3.7 nm for LPK- NPs (Figure 4A) and LPK+ NPs (Figure 4B), 

respectively. In contrast, significant size changes under conditions of low pH were detected for pH 

sensitive LPK NPs. The average size of LPKpH NPs increased from 118.4±2.3 nm to 146.6±1.5 nm after 10 

min of the low pH treatment (Figure 4C). Evidently, the size distribution curve of LPKpH NPs shifted to the 
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right after a low pH challenge, which was consistent with the increase in average size of LPKpH NPs. The 

stability of NPs was also studied using TEM, and the morphologies of NPs in both pH 7.4 and pH 5.5 PBS 

buffer were compared (Figure 5). The three NPs share strong resemblance in their morphology in pH 7.4 

PBS buffer: there is an apparent lipid shell (grey layer) coating the PK NPs (white core). The size 

distribution, which centers around 100 nm, is also in agreement with those obtained by DLS and confocal 

microscopy. Not surprisingly, non-pH sensitive NPs remained intact after being suspended in pH 5.5 PBS 

buffer for 10 min (Figure 5A and Figure 5B), but pH sensitive NPs disassembled in the low pH 

environment (Figure 5C). Formerly regularly shaped lipid shells can be seen to disintegrate into thread-

like lipid aggregates (blue arrow), and PK NPs (red square) were released and distributed around the 

debris of lipid shells.       

3.3   In vitro release of KLH from LPK NPs 

To mimic the conditions in vivo, NPs underwent two phases of pH treatment, in which NPs were 

treated with pH 7.4 human serum for the first 24 h and pH 5.5 human serum for an additional 48 h. In 

the first 24 h, all NPs exhibited a similarly sustained and slow KLH release profile, of which less than 20% 

of the KLH was released for all NPs, reflecting the high stability of LPK hybrid NPs under pH 7.4. However, 

significantly different KLH release profiles of the LPK NPs were observed after the pH was lowered to 5.5 

at the 24 h time point. In the first 8 h after the pH change, 40% of the KLH was released from LPKpH NPs, 

while only 11% and 14% of KLH were released from LPK+ NPs and LPK- NPs, respectively. The true 

percentage of KLH released from non-pH sensitive NPs should be smaller than the values shown in 

Figure 6 because the KLH release rates were still noticeably high even at 72 h. The sharp increase in KLH 

release of LPKpH NPs was likely due to the removal of the protection provided by the lipid shell after low 

pH treatment. Between 32h and 72h, sustained release of KLH continued for all NPs, except the release 

rates were considerably higher than those during the first 24 h. When approaching 72h, LPKpH NPs 

displayed a nearly flat release curve, indicating LPKpH NPs had almost depleted their payload.  The other 
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two NPs showed considerably higher release rates, suggesting that a large amount of KLH was still 

retained in the NPs. 

3.4   The uptake of LPK NPs by DCs 

The uptake rates of the three NPs by DCs were compared using flow cytometry. Two hundred µg 

of NPs labeled with NBD were incubated with 2×106 DCs for 5 h, and the fluorescence intensity in the 

cells was measured. The results (Figure 7) show that DCs internalized more LPK+ NPs than either LPKpH or 

LPK- NPs. The mean fluorescence intensities of the internalized NPs were 9164, 7448, 5631, respectively. 

To some degree, the uptake rate of the NPs by DCs appears to be related to their surface charge, 

implying that positive surface charge might facilitate NP uptake.  

The internalization of NPs by DCs was also measured using confocal microscopy. KLH was labeled 

with Alexa Fluor® 647, the lipid shell was labeled with NBD, and cells were labeled with CellMask™ 

Orange Plasma Membrane Stain. As shown in Figure 8, all three NPs were internalized by DCs, indicated 

by the presence of both red and green fluorescence in the cells. However, the state of NPs and their 

distribution in cells differed from one to another. The green fluorescence in LPK- NPs (Figure 8A) was 

obviously weaker than that of the either LPK+ NPs (Figure 8B) or LPKpH (Figure 8C), suggesting that less 

LPK- NPs was internalized by DCs compared to the other two NPs.  This is consistent with the results 

obtained from flow cytometry. As shown in Alexa Fluor® 647 panels, most LPK+ and LPK- NPs existed as 

distinct and intact particles, while the red fluorescence in LPKpH NPs spread over the whole cell, 

suggesting that most of the non-pH sensitive NPs remained stable in cells, but pH sensitive NPs 

underwent significant degradation, resulting in the release of KLH into the entire cell.      

The endocytosis of NPs by DCs was further examined with TEM (Figure 9). No endosome vesicles 

were formed in the control group, to which no NPs were added (Figure 9A). On the other hand, 

numerous endosomes (blue arrow) were observed in DCs treated with the three NPs (Figure 9 B, C, and 
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D). Consistent with previous results, DCs internalized less LPK- NPs (Figure 9B) than either LPK+ (Figure 9C) 

or LPKpH NPs (Figure 9D). In particular, two huge rod-like endosomes containing considerable numbers of 

LPK+ NPs were present in DCs, implying that positively charged NPs might induce the formation of larger 

endosomes for NPs uptake. Another interesting and important phenomenon was that the NPs in 

endosomes of DCs treated with either of the non-pH sensitive NPs retained a regular spherical shape, 

while the morphology of the NPs in the pH sensitive group could not be defined, indicating that LPKpH 

NPs might have been degraded by acidification in endosomes. 

4.   Discussion 

Lipid-PLGA hybrid NPs have been widely accepted as outstanding systems for delivery of cancer 

chemotherapeutic agents.[18] In a previous study, we found that lipid-PLGA hybrid NPs may also be used 

as vaccine delivery systems due to their high antigen loading capacity, ability in co-delivering both 

antigen and adjuvants, and desired stability for long term storage.[19] However, to be an excellent 

vaccine delivery system, the above mentioned features of lipid-PLGA NPs are not enough. A desirable 

delivery system needs to meet at least three criteria: the first is that antigen-containing NPs can maintain 

high stability during circulation, reducing the loss of payloads; the second is that NPs are able to readily 

disassemble to release the payloads upon internalization by the target cells, maximizing their efficacy; 

the last is that NPs can be easily taken up by antigen presenting cells (APCs).  

The main findings of this study were that 1) a lipid-PLGA hybrid NP with a pH-sensitive lipid layer 

can be constructed via sonication mediated fusion, 2) this pH-sensitive hybrid NP exhibited high 

sensitivity to low pH challenge, 3) DCs could effectively encapsulate pH-sensitive hybrid NPs, and 4) 

antigen was released more rapidly from pH-sensitive hybrid NPs than non pH-sensitive hybrid NPs after 

internalization by DCs. 
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Dendritic cell is the most professional antigen presenting cell that plays a core role in eliciting 

immune response.[20] To delivery vaccine components using a vehicle that favors DC maturation would 

be beneficial to development of immune response. In this study, rapid disintegration of hybrid nano-

structure of LPKpH NPs in low pH environment was observed. This disintegration probably resulted from 

poor stability of DOPE in the lipid layer under low pH condition.[21] Lipid layer of the hybrid NP can 

protect antigens and adjuvants from premature release during circulation. However, it may also hinder 

the release of antigen and adjuvants after uptake by DCs, resulting in slow or even incomplete 

maturation of DCs. Therefore, the rapid disassociation of lipid layer from PLGA core in response to low 

pH challenge is of great significance. It may allow rapid release of antigens and adjuvants, providing DCs 

strong stimuli for their rapid and complete maturation. 

 Also, a burst release of antigen was detected in LPKpH NPs after switching pH from 7.4 to 5.5. It is 

known that PLGA is subject to continuous bulk erosion in aqueous solution.[22] The stored antigen in 

PLGA core may consistently be released during PLGA degradation. However, due to the existence of the 

lipid layer, the released antigen may be retained in the inter-space between the PLGA core and the lipid 

layer. And, the removal of the lipid layer caused burst release of antigen.  

It is also important to note that LPKpH NPs displayed outstanding stability as the other two NPs 

did in human serum at pH 7.4. This stability might be attributed to the protection offered by the long 

PEG chains placed on the surface of the particles and reduced diffusion of enzymes from the human 

serum into the inner core of NPs due to the barrier provided by the lipid shell.[23, 24] As a matter of fact, 

PEG molecules have been routinely used in biodegradable NPs to improve stability of NPs.[25] Reducing 

the release of the enclosed antigens or adjuvant during circulation is of great value, because it can not 

only reduce the loss of effector molecules that target immune cells, but also minimize the potential 

systemic toxicity caused by adjuvants.[26]  
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We also noticed that surface charges played a significant role in the uptake of NPs by DCs, as NPs 

with the more positive surface charges could be more effectively encapsulated by DCs. This finding was 

consistent with the results from a previous study.[19] As we know that cell membrane is negatively 

charged, therefore, the positive surface charge of NPs may improve cellular uptake via electrostatic 

interactions between immune cells and NPs. It was also shown that positive charges on the surface of 

NPs could promote the DCs maturation and enhance vaccine induced immune response.[27]  In addition 

to the positive surface charges, the presence of fusion-promoting DOPE molecules in the lipid shell may 

also contribute to the faster uptake of LPKpH NPs than LPK- NPs.[28] The fast uptake of NPs based vaccine 

is meaningful in at least three aspects: 1) it may allow fast development of immune response, 2) it may 

enable immune system to use vaccine components more efficiently, and 3) it reduces the potential 

systemic toxicity from adjuvants that may be released from NPs after long term circulation.  

The fate of NPs in DCs after internalization is of particular interest to vaccine researchers, 

because NP degradation and trafficking may have profound impact on the types and magnitude of 

immune responses.[29, 30] An intense and sustained stimulation of DCs by the antigens and adjuvants 

released from NPs may lead to a strong and prolonged adaptive immune response. In this study, we 

observed rapid release of antigen from NPs after internalization by DCs. As discussed above, the burst 

antigen release may come from the antigen accumulated in the inter-space between PLGA core and lipid 

layer. Such a burst release of antigen may result in more processed antigenic peptides. These antigenic 

peptides could subsequently associate with MHC molecules, form peptide-MHC (pMHC) complexes, and 

be transported to the membrane surface of DC for T cell activation.[31] To prime naive T cells, there has 

to be a sufficient number of interactions between T cell receptors and pMHC complexes. Higher density 

of pMHC complexes may, therefore, increase the likelihood of such interactions.[32] Therefore, burst 

release of antigen from pH-sensitive hybrid NPs in DCs may promote the magnitude of immune response.  
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The results of the present experiment suggested that shortly after being internalized by DCs, the 

lipid shell of LPKpH would be removed, leading to a burst release of KLH, followed by sustained and 

prolonged release. Such a two phase antigen release in DCs may initially enable a strong immune 

response as well as provide prolonged stimulation to the immune system.  

5.   Conclusion 

This study describes preparation and characterization of a pH sensitive liposome-polymeric 

hybrid NP, which would remain stable under physiological pH, but readily disassemble in response to a 

low pH challenge. The nano-range size, positive surface charges, and hydrophobic lipid shell enhance its 

internalization by DC. The rapid release of the enclosed antigens in DCs may enable the hybrid NPs to 

serve as a potential delivery system of antigens and adjuvants for rapid and complete activation of the 

immune system.  
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Abbreviations 

Dendritic cells: DCs 

Nanoparticles: NPs 

Poly (lactic-co-glycolic) acid: PLGA 

Antigen presenting cell: APC 

Dynamic light scattering: DLS 

pH sensitive liposome-PLGA nanoparticle: LPpH NP 

Fetal bovine serum: FBS 

1,2-dioleoyl-3-trimethylammonium-propane: DOTAP 

1,2-dioleoyl-sn-glycero-3-phosphocholine: DOPC  

Cholesteryl hemisuccinate: CHEMS 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine: DOPE 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium 

salt): DSPE-PEG2000  

1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium 

salt):  NBD PE 

Keyhole limpet hemocyanin: KLH 

Poly (vinyl alcohol): PVA 

Dichloromethane: DCM 
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Rhodamine B: Rhod B 

1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride: EDC 

peptide-MHC: pMHC 
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Scheme. Illustration of non-pH sensitive NPs (A) and pH sensitive NPs (B) in response to a low pH 
challenge. 

 

 

 

Table 1. Compositions and physicochemical properties of LPK hybrid NPs. 

LPK NPs Lipid composition Surface charge 
(mV ± SD) 

Size (nm ± SD) Polydispersity 

LPK- DOPC:cholesteral:DSPE-PEG2000 (w/w 8:0.5:1.5) -11.7±1.8 127.5±5.2 0.18±0.04 
LPK+ DOTAP:cholesteral:DSPE-PEG2000 (w/w 8:0.5:1.5) 24.7±0.5 123.0±7.4 0.20±0.05 
LPKpH DOPE:CHEMS:DSPE-PEG2000 

(w/w 6.5:2.0:1.5) 
14.2±1.4 120.1±8.8 0.21±0.02 
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Figure 1. Confocal LSM images of LPKpH NPs, in which KLH was labeled with Alexa Fluor® 647, and lipids 
were labeled with NBD. The images show that hybrid nanoparticle composed of a PLGA core and a lipid 
layer were formed. The scale bars represent 10 µm. 

 

 

Figure 2. FTIR spectra of the pH sensitive liposome, PLGA NP, and LPpH hybrid NP. A unique peak 
belonging to liposome at 2852 nm is shown in LPpH hybrid NP. Similarly, a peak at 3297 nm, which only 
occurs with PLGA NPs, is also shown in hybrid NPs. 
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Figure 3. Schematic illustration of PK NP (A) and LPK NP (B). TEM images of PK NP (C) and LPK NP (D). PK 
NP is a spherical particle (white) with a diameter around 100 nm. In contrast, LPK NP has a lipid shell 
(grey) outside PK NP core (white). The scale bars represent 50 nm. 
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Figure 4. The stability (size) of the three LPK NPs in response to a pH 5.5 treatment for 10 minutes. (A) 
LPK- NPs, (B) LPK+ NPs, (C) LPKpH NPs. ** indicates that significant size increase occurred after LPKpH NPs 
were treated with pH 5.5 PBS buffer (P-value<0.05). 



146 

 

 

 

Figure 5. TEM images of the three LPK NPs in both pH 7.4 and pH 5.5 PBS buffer. (A) LPK- NPs, (B) LPK+ 
NPs, (C) LPKpH NPs. In contrast to other two NPs, LPKpH NP in Figure 5C underwent significant morphology 
change after low pH treatment. The blue arrows in the lower panel of Figure 5C show the degraded lipid 
layer, and red boxes show the released PK NPs. The scale bars represent 100 nm. 
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Figure 6. KLH release profile of LPK NPs in human serum with two phases of pH treatment, in which 
from 0 to 24 h, pH was 7.4, and from 24 to 72 h, pH was 5.5. *** indicates that the percentage of KLH 
released from LPKpH between 24 h and 32 h was significantly higher than that from either LPK- NPs or 
LPK+ NPs (P-value <0.01). 
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Figure 7. The intensity of NBD fluorescence in DCs, all of which internalized the three LPK NPs, 
respectively. LPK+ NPs exhibited the fastest uptake rate by DCs, while LPKpH NP could be more readily 
taken up by DCs in comparison to LPK- NPs. The numbers in parentheses represent the mean NBD 
intensity. 
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Figure 8. Confocal LSM images of DCs after LPK NP uptake, in which KLH was labeled with Alexa Fluor® 
647, and lipids were labeled with NBD. Dendritic cells were treated with (A) LPK- NPs, (B) LPK+ NPs, and 
(C) LPKpH NPs, respectively. The intracellular release of KLH from LPKpH NPs was faster than those in other 
two NPs. The scale bars represent 10 µm. 
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Figure 9. TEM images of DCs after LPK NPs internalization. (A) Control group, (B) LPK- NPs, (C) LPK+ NPs, 
(D) LPKpH NPs. Blue arrows show the position of endosomes, which were more numerous in groups 
treated with NPs compared to the control group, and LPKpH NPs underwent significant degradation in 
endosomes. Scale bars represent 2 µm. 
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Abstract  

Lipid-polymer hybrid nanoparticles (NPs), consisting of a polymeric core and a lipid shell, have 

been intensively examined as a delivery system for cancer drugs, imaging agents, and vaccines. However, 

the influence of lipid composition on the performance of hybrid NPs has not been well studied. In this 

study, we demonstrate that higher concentrations of cholesterol in the lipid layer enable slower and 

more controlled antigen release from lipid- poly(lactide-co-glycolide) acid (lipid-PLGA) NPs in human 

serum and phosphate buffered saline (PBS).  Higher concentrations of cholesterol also promoted in vitro 

cellular uptake of hybrid NPs, improved the stability of the lipid layer, and protected the integrity of the 

hybrid structure during long- term storage. However, stabilized hybrid structures of high cholesterol 

content tended to fuse with each other during storage, resulting in significant size increases and lower 

cellular uptake. Additional experiments demonstrated that PEGylation of NPs could effectively minimize 

fusion-caused size increases after long term storage, leading to improved cellular uptake.  

mailto:chzhang2@vt.edu
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1. Introduction 

 In the past decade, lipid-polymer hybrid NPs have been increasingly recognized as promising 

drug delivery vehicles due to their multiple advantageous features [1]. Hybrid NPs are capable of 

carrying both hydrophobic and hydrophilic drugs with high loading capacity [2]; they also allow step-

wise release of multiple drugs of distinct properties and purposes [3].  Furthermore, pharmacokinetics 

of delivered drugs can be easily modified by tuning physiochemical properties of hybrid NPs [4]. In 

addition, targeted delivery of drugs can be performed by introducing site specific antibodies or other 

targeting molecules to the exterior surface of hybrid NPs [5]. 

 Lipid-polymer hybrid NPs consist of two major components.  The inner part is a polymer core, 

which is capable of encapsulating both hydrophilic and hydrophobic drugs as well as offering rigid 

support for the hybrid entity. The outer part is a lipid layer coating the external surface of the polymer 

core, and it can function as (i) a biocompatible shield to avoid fast clearance of NPs by  the 

reticuloendothelial system (RES),  (ii) a template for surface modifications, enabling targeted delivery of 

drugs, and (iii) a barrier preventing the fast leakage of water-soluble drugs, allowing prolonged and 

controlled release of drugs [2].  

 Previous studies mainly focused on developing methods for fabricating hybrid NPs and potential 

applications of hybrid NPs for delivery of various kinds of drugs [1]. However, the impact of the 

composition of the lipid layer on the performance of hybrid NPs has not been well studied. It has been 

clearly elucidated that lipid composition has a significant influence on the efficacy of drugs delivered by 

liposomes. For example, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-based liposomes were 

markedly more stable in 20% serum than 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-

based liposomes [6]. It was also reported that the presence or the absence of 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE–PEG2000) had a great impact on lipid 
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transition temperature and drug release, and increasing the molar percentage of 1-myristoyl-2-stearoyl-

sn-glycero-3-phosphocholine (MSPC) in temperature sensitive liposomes led to faster initial doxorubicin 

release [7].   

 Among lipid constituents, cholesterol plays an unique as well as essential role as a main 

membrane-stabilizing material, and has been extensively investigated and utilized in the majority of 

liposome products on the market [8]. In addition to its ability to improve lipid bilayer stability, 

cholesterol can also reduce the permeability of liposomal bilayers. For instance, addition of cholesterol 

in liposomes resulted in increased free energy barriers of the membranes, which were primarily 

responsible for the reduced water permeability [9]. For anti-cancer drug delivery, reduced permeability 

of lipid membranes should reduce leakage of enclosed drugs during circulation, minimizing side effects 

and improving bioavailability of drugs.  For vaccine delivery, in addition to the reduced loss of vaccine 

effector molecules, the bi-directionally lowered permeability should also minimize interactions between 

antigenic proteins and external water molecules or serum proteinases, avoiding their premature 

degradation. 

In this study, lipid-PLGA hybrid NPs of various cholesterol concentrations were prepared to 

evaluate the influence of cholesterol content on the stability of long-term stored hybrid NPs, the release 

of antigen from NPs in human serum and PBS buffer, and in vitro uptake of NPs by dendritic cells (DCs). 

DSPE-PEG (2000) amine was later introduced into lipids to reduce aggregation of hybrid NPs at higher 

concentrations of cholesterol.  
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2. Materials and methods 

2.1  Materials 

 Lactel® 50:50 PLGA was purchased from Durect Corporation (Cupertino, CA). Fetal bovine 

serum (FBS), Granulocyte macrophage-colony stimulating factor (GM-CSF) recombinant mouse protein, 

Alpha minimum essential medium, trypsin/EDTA, Alexa Fluor® 647 hydrazide, and 

tris(triethylammonium) salt were purchased from Life Technologies Corporation (Grand Island, NY). 

Lipids, including 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) amine, 

cholesterol, and 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 

(ammonium salt) (NBD PE) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Poly (vinyl 

alcohol) (PVA, MW 89,000-98,000), dichloromethane (DCM), rhodamine B (Rhod B), and bovine serum 

albumin (BSA) were purchased from Sigma-Aldrich Inc. (Saint Louis, MO). 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC) was purchased from Thermo Fisher Scientific 

Inc. (Rockford, IL). JAWSII (ATCC® CRL-11904™) immature dendritic cells were purchased from ATCC 

(Manassas, VA). All other chemicals were of analytical grade. 

2.2  Synthesis of BSA-containing PLGA NPs 

 PLGA NPs were prepared using a reported double emulsion solvent evaporation method with 

modifications [10]. Briefly, PLGA (100 mg) was dissolved in DCM (3 mL), followed by mixing with 500 μL 

of BSA (10 mg/mL) for 2 min using a vortex. (In the study of uptake of hybrid NP by DCs using TEM, BSA 

was replaced with iron NP.) The resultant mixture was emulsified in Branson B1510DTH Ultrasonic 

Cleaner (Branson, Danbury, CT) for 10 min.  The primary emulsion was added drop-wise into 100 mL PVA 

(1% (w/v)), and continuously stirred for 10 min at 500 rpm. The above suspension was emulsified 

through sonication using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA) at 50% 
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amplitude for 120 s. The secondary emulsion was stirred overnight to allow DCM to evaporate. Large 

particles were removed after the mixture set undisturbed at room temperature for 30 min. NPs in 

suspension were collected by centrifugation at 10,000 g, 4 C for 60 min using an Eppendorf centrifuge. 

(Eppendorf, Hauppauge, NY). The pellet was washed 3 times using ultrapure water. The final suspension 

was freeze-dried using LABCONCO Freezone 4.5 (LABCONCO Kansas City, MO), and NPs were stored at 2 

C for later use. For measurement of encapsulation efficiency of BSA by PLGA NPs, various amounts of 

BSA (0.5 mg, 1 mg, 5 mg, and 10 mg) were emulsified with 100 mg of PLGA. After the second emulsion, 

non-encapsulated BSA in PVA solution were separated from PLGA-entrapped BSA through centrifugation 

at 10,000 g, 4 C for 60 min, and the concentration of BSA in PVA solution was measured using the Micro 

BCA Protein Assay Kit (Thermo Fisher Scientific, Grand Island, NY). Encapsulation efficiency was 

calculated using the follow equation: Encapsulation efficiency (%)= [Concentration of BSA in PVA 

solution (µg/mL)*100 mL*0.001/ BSA (mg) initially added]*100. 

2.3  Assembly of lipid-PLGA hybrid NPs 

 A lipid film (10 mg) containing the lipids identified above was hydrated with 10 mL, 55C pre-

warmed phosphate buffered saline (PBS) buffer. The resulting liposome suspension was vigorously 

mixed using a vortex for 2 min, followed by 5 min sonication using a Branson B1510DTH Ultrasonic 

Cleaner (Branson, Danbury, CT) and cooling to room temperature. PLGA NPs (50 mg) were added into 

the liposome suspension and pre-homogenized for 15 min using a Branson B1510DTH Ultrasonic Cleaner, 

followed by 5 min sonication in an ice bath using a sonic dismembrator at 15% amplitude (pulse on 20 s, 

pulse off 50 s). The formed lipid-PLGA NPs were collected by centrifugation at 10,000 g, 4 C for 60 min, 

lyophilized, and stored at 2 C. 
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2.4  Labeling BSA with rhodamine B (Rhod B) or Alexa Fluor® 647 hydrazide 

 The coupling of fluorescent dyes to BSA was done using a method described in a previous study 

[11]. Ten mg of EDC dissolved in 700 µL ultrapure water (pH 6.8) were mixed with 300 µL of 2 mg/mL 

Rhod B. After incubation at 0 C for 10 minutes, the product was mixed with 10 mg BSA (20 mg/mL) and 

stirred in darkness at room temperature for 6 h. For Alexa Fluor® 647 hydrazide labeling, 10 mg of EDC 

in 800 µL ultrapure water (pH 6.8) was incubated with 10 mg BSA (20 mg/mL) at 0 0C for 10 minutes, 

followed by reaction with 100 µg Alexa Fluor® 647 hydrazide in darkness at room temperature for 6 h. 

Fluorescently labeled BSA was purified using Microcon centrifugal filter units (10,000 MWCO, EMD 

Millipore, Billerica, MA), freeze-dried, and stored at 2 0C. 

2.5  Characterization of physicochemical properties of NPs 

 One mg of NPs was dispersed in 5 mL ultrapure water (pH 7.0), and each sample was diluted by 

10 fold using ultrapure water, before the particle size (diameter, nm) and surface charge (zeta potential, 

mV) were measured at room temperature using a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd, 

Worcestershire, United Kingdom). 

2.6  In vitro BSA release from NPs in human serum and PBS buffer 

 Ten mg of lipid-PLGA NPs containing Rhod B-labeled BSA were suspended in 10 mL (5% v/v) 

human plasma (pH 7.4) and continuously stirred at room temperature in darkness. After 24 h incubation, 

the NPs were centrifuged at 10,000 g, 4 C for 60 min. The supernatant was transferred to a 50 ml tube, 

and the NP pellet was suspended in 10 mL (5% v/v) human plasma (pH 7.4). 200 µL of supernatant or NP 

suspension were added into wells of a black 96-well plate, and the fluorescence intensity was measured 

using a Synergy HT Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT) with 

excitation at 530 nm and emission at 590 nm. The percentage of released BSA in human serum was 

calculated using the following equation: BSA released (%) =Fluorescence intensity (supernatant)/ 
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[Fluorescence intensity (supernatant) + Fluorescence intensity (pellet suspension)] x 100. For 

measurement of BSA release in PBS buffer, 20 mg of lipid-PLGA NPs, which enclosed Rhod B-labeled BSA, 

were suspended in 20 mL PBS buffer (pH 7.4) at room temperature in darkness, and the released BSA 

was separated from NPs via centrifugation at 10,000 g, 4 C for 60 min at indicated time points. The NPs 

were re-suspended in PBS buffer and fluorescence intensity of 200 µL of the released BSA in supernatant 

was measured using a Synergy HT Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, 

VT) with excitation at 530 nm and emission at 590 nm. Meanwhile, as a control group, 20 mg of the 

above Rhod B-labeled BSA containing lipid-PLGA NPs were suspended in 20 mL PBS buffer (pH 7.4), and 

the fluorescence intensity of 200 µL of the suspension was measured using the method described above. 

The percentage of released BSA at given time points was calculated using the following equation: BSA 

released (%) = Fluorescence intensity (supernatant)/ Fluorescence intensity (control) x 100.  

2.7  Imaging NPs using transmission electrical microscopy (TEM) 

 NP suspensions (1 mg/mL) were dropped onto a 300-mesh Formvar-coated copper grid. After 

standing 10 min, the remaining suspension was carefully removed with wipes, and the samples were 

negatively stained using fresh 1% phosphotunstic acid for 20 s and washed with ultrapure water twice. 

The dried samples were imaged on a JEOL JEM 1400 Transmission Electron Microscope (JEOL Ltd., Tokyo, 

Japan). 

2.8  Imaging hybrid NPs using confocal laser scanning microscopy (CLSM) 

 A Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss, German) was used to image lipid-PLGA 

NPs containing Rhod B labeled BSA and NBD PE labeled lipid shells. 

2.9  Fourier transform infrared (FTIR) spectroscopy analysis of NPs 

 The spectrum of freeze-dried liposomes (i) with molar ratio of DOTAP: DSPE-PEG(2000) Amine: 

cholesterol = 80%: 5% : 15%, (ii) PLGA NPs, and (iii) lipid-PLGA NPs with molar ratio of DOTAP: DSPE-PEG 
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(2000) Amine: cholesterol = 80%: 5% : 15% were recorded on a Thermo Nicolet 6700 FTIR spectrometer 

(Thermo Fisher Scientific Inc., Waltham, MA). The spectrum was taken from 4000 to 400 cm-1. 

2.10  Flow cytometry measurement of endocytosis of lipid-PLGA hybrid NPs by dendritic cells (DCs) 

 JAWSII (ATCC® CRL-11904™) immature DCs from ATCC were cultured with alpha minimum 

essential medium (80%v) including ribonucleosides, deoxyribonucleosides, 4 mM L-glutamine, 1 mM 

sodium pyruvate and 5 ng/mL murine GM-CSF, along with fetal bovine serum (20%v) at 37 C, 5% CO2 in 

24 well plates (CORNING, Tewksbury, MA). Alexa Fluor® 647 hydrazide-labeled lipid-PLGA hybrid NPs of 

varied lipid compositions were assembled according to the above mentioned method. Two hundred µg 

of NPs were added into each well containing 2×106 cells, and incubated for 90 min. After incubation, the 

medium was immediately removed and cells were washed 5 times with ultrapure water. Cells were 

detached from culture plate using trypsin/EDTA solution and centrifuged at 200 g for 10 min, before cell 

pellets were re-suspended in 10 mM PBS (pH 7.4). Cell samples were immediately analyzed by flow 

cytometry (BD FACSAriaⅠ, BD, Franklin Lakes, NJ). 

2.11  Imaging endocytosis of lipid-PLGA hybrid NPs by DCs using CLSM 

 Cells were cultured in a 4 well chamber slide (Thermo Fisher Scientific Inc., Rd, Rockford, IL) 

using the same method described above. To investigate the effect of the content of cholesterol on the 

uptake of hybrid NPs by DCs, 100 µg of freshly made hybrid NPs (labeled with Alexa Fluor® 647 

hydrazide) were incubated with 3×105 cells for 5 h at 37 C, 5% CO2. To study the influence of content of 

DSPE-PEG (2000) amine on endocytosis of hybrid NPs (stored in pH 7.4 PBS for 30 days) by DCs,  100 µg 

hybrid NPs (labeled with both NBD PE and Alexa Fluor® 647 hydrazide) were incubated with 3×105 cells 

for 30 min at 37 C, 5% CO2. After incubation, the medium was immediately removed and cells were 

washed 5 times with ultrapure water. Freshly prepared 4% (w/v) paraformaldehyde (500 µL) was added 

into each well, and cells were fixed for 15 min.  This was followed by washing 3 times with PBS buffer 
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(10 mM, pH 7.4). Fixed cells were permeabilized using 500 µL of 0.1% (v/v) Triton™ X-100 for 15 min at 

room temperature, and washed 3 times using PBS buffer (10 mM, pH 7.4). Cell samples were covered 

with a glass cover and sealed by nail polish. Images were acquired using a Zeiss LSM 510 Laser Scanning 

Microscope (Carl Zeiss, Germany). 

2.12  Imaging endocytosis of lipid-PLGA hybrid NPs in DCs using transmission electron microscopy 

(TEM) 

 To view the uptake of hybrid NPs, which contained various concentrations of cholesterol, petri 

dishes containing 2×106 immature DCs were supplemented with 200 µg of hybrid NPs. After 90 min 

incubation, the medium containing un-internalized NPs was removed and cells were washed 5 times 

with ultrapure water. Cell samples were prepared for TEM using the following procedure: Cells were 

washed 2 times in 0.1 M Na-Cacodylate for 15 minutes each, and then post-fixed in 1% OsO4 in 0.1 M 

Na-Cacodylate for one hour. OsO4 was discarded, and the samples were washed 2 times for 10 minutes 

each in 0.1 M Na-Cacodylate. Cell samples were dehydrated in solutions containing increasing ethanol 

concentration as follows: 15%, 30%, 50%, 70%, 95%, and 100% (15 minutes in each ethanol solution). 

Dehydration was completed by submerging cell samples in propylene oxide for 15 minutes. Cells were 

infiltrated with a 50:50 solution of propylene oxide:Poly/Bed 812 for 6-24 hours, then embedded using 

freshly prepared 100% Poly/Bed 812 in flat embedding molds, and placed in a 60 C oven for at least 48 

hours to cure. Images were acquired using a JEOL JEM 1400 Transmission Electron Microscope (JEOL Ltd., 

Tokyo, Japan).   

2.13  Statistical analysis 

 All experiments were performed in at least triplicate. Data were expressed as mean ± standard 

deviation (SD). Tests for significance were conducted using one-way ANOVA followed by Tukey’s test 

(JMP pro 10). Differences were considered significant at P-values that were less than or equal to 0.05. 
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3. Results and discussion 

3.1  Fabrication of lipid-PLGA NPs 

 As shown schematically in Fig. 1A, lipid-PLGA hybrid NPs consisted of a PLGA core, in which BSA 

as a model antigen was encapsulated, and a lipid layer composed of DOTAP, DSPE-PEG (2000) amine, 

and cholesterol. Fabrication of lipid-PLGA NPs was performed in two steps. In the first step, PLGA NPs 

were formed using a widely applied double emulsion and evaporation method [12]. Various amounts of 

BSA (0.5 mg, 1 mg, 5 mg, and 10 mg) were emulsified with 100 mg PLGA, and the encapsulation 

efficiency of BSA was measured. As shown in Fig. 1B, encapsulation efficiency amounted to 98.3% when 

0.5 mg of BSA was added, and although encapsulation efficiency dropped as the amount of added BAS 

increased, it was still as high as 88.5% when 10 mg of BSA was added. High encapsulation efficiency is of 

particular importance for drug or vaccine delivery, because lower amounts of NPs are needed to carry 

certain cargo quantities.  This could reduce the potential side effects of NPs, increase treatment efficacy, 

and lower cost. In the second step, liposomes consisting of given molar ratio of lipids were hybridized 

with PLGA NPs via sonication-aided fusion. The size and zeta potential of hybrid NPs containing various 

molar ratios of cholesterol (cholesterol ranged from 5% to 20%; the remaining lipid was DOTAP) were 

evaluated. As shown in Fig. 1B, sizes of all hybrid NPs were around 144 nm, largely attributable to the 

size of PLGA NPs. (The size of PLGA NPs formed using the above mentioned method was around 120 nm.) 

It is worth noting that the polydispersity indexes (shown with blue numbers) of all hybrid NPs were very 

low, indicating that the sizes of hybrid NPs were narrowly distributed and the aforementioned methods 

for NP fabrication were highly robust. Zeta potential of hybrid NP decreased with the increased 

concentration of cholesterol, which can be explained by the decreased concentration of positively 

charged DOTAP in the lipid layer. Nevertheless, even at a cholesterol molar ratio of 20%, the surface of 
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the hybrid NP was still positively charged, which was indicated by the positive value of zeta potential. It 

has been reported that positively charged NPs were taken up by cells with higher efficiency compared 

with neutral NPs or those with negative surface charge [13, 14]. To confirm that a hybrid structure was 

successfully formed, hybrid NPs, in which PLGA core was labeled with Rhod B (red color) and a lipid layer 

that was labeled with NBD PE (green color), were imaged using confocal microscopy. As shown in Fig. 1C, 

hybrid NPs display both red color and green color, indicating that PLGA NPs and liposomes were indeed 

hybridized. Moreover, the vast majority of NPs in Fig. 1C were hybrid NPs, implying the high efficiency of 

hybridization achieved by the sonication-aided fusion. In addition, by comparing the FTIR spectra of 

liposomes, PLGA NP, and hybrid NP, liposomes and hybrid NPs evidently share peaks at wavenumbers of 

2854 cm-1 and 2923 cm-1, and PLGA NPs show the same peaks at wavenumbers of 1270 cm-1 and 1132 

cm-1 as hybrid NPs, further demonstrating that the lipid layer was coated onto the PLGA core. 

3.2  In vitro release of BSA from hybrid NPs in human serum and PBS buffer 

 Others reported that a lipid layer can act as a molecular fence and contribute to keeping anti-

cancer drug molecules in a PLGA core while keeping H2O out of the core, decreasing hydrolysis of the 

PLGA polymer as well as decreasing erosion and undesired drug release [15]. In this study, to investigate 

how cholesterol concentration in the lipid layer of hybrid NPs influences their performance and 

subsequent antigen release, hybrid NPs containing a range of cholesterol concentrations (5%, 10%, 15%, 

and 20%) were fabricated. BSA as a model antigen was enclosed in the PLGA core. Performance of NPs 

in human serum is an important criterion for their application as vaccine delivery vehicle in vivo. In 

human serum, the amount of released BSA was inversely correlated with cholesterol concentration (Fig. 

2A). At 5% cholesterol, 34.2% of BSA was released from NPs in 24 h. However, the amount of released 

BSA was significantly reduced to 27.7% when cholesterol concentration was increased by 5%. At 20% 

cholesterol level, only 15.6% of BSA was released from NPs. Early studies demonstrated that 

incorporation of cholesterol in a liposome formulation could remarkably increase the stability and 
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reduce the permeability of liposomal bilayers [16, 17]. In this study, the decreased BSA release from 

hybrid NPs with higher cholesterol content when put in serum probably resulted from slowed diffusion 

of BSA out of the lipid layer as well as reduced influx of water and serum enzymes into the PLGA core. To 

compare long-term antigen release among NPs without the confounding factors associated with 

incubation in serum, hybrid NPs formulated with various concentrations of cholesterol were incubated 

in PBS buffer. The antigen release profiles (Fig. 2B) show that the rate of BSA release was also reversely 

correlated with the concentration of cholesterol in the lipid layer. Although sustained BSA release 

profiles were observed among all tested hybrid NPs, slower and steadier BSA release was achieved by 

hybrid NPs with higher cholesterol concentrations. After 168 h of incubation in PBS buffer, 51.5% BSA 

was released from NPs containing 20% cholesterol in its lipid layer. In contrast, 76.8% of BSA was 

released from NPs with 5% cholesterol, demonstrating a significant impact of cholesterol on retaining 

antigen in hybrid NPs. 

3.3  In vitro uptake into DCs of hybrid NPs with varied cholesterol concentrations 

 To understand how cholesterol concentration in lipid layer affects the uptake of lipid-PLGA 

hybrid NPs by DCs, freshly produced hybrid NPs containing different molar ratios of cholesterol (5%, 10%, 

15%, and 20%) in lipid layer were added to DCs. After 5 h of incubation, the in vitro cellular uptake of 

hybrid NPs by DCs was investigated using confocal microscopy and TEM. In Fig. 3A, fluorescence from 

the hybrid NPs (labeled with Alexa Fluor® 647 ) internalized in DCs (nucleus was labeled with DAPI, 

which displays blue color) is shown. Qualitative examination of the CLSM images of cellular uptake 

demonstrated that red fluorescence with wider distribution and brighter color was observed in DCs 

treated with hybrid NPs containing higher concentrations of cholesterol.  This suggests that increasing 

cholesterol concentration in the lipid layer could remarkably enhance the internalization of hybrid NPs 

by DCs. A quantitative study of cellular uptake was performed by measuring the percentage of DCs that 

internalized hybrid NPs (Alexa Fluor® 647 labeled) as well as the fluorescence intensity of NPs 
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internalized into DCs after incubating 200 µg of NPs with 2×106 cells for 90 min. As shown in Fig. 3B, 

24.9%, 35.1%, 46.7%, and 62.4% of DCs have entrapped hybrid NPs with cholesterol concentrations of 

5%, 10%, 15%, and 20%, respectively. The significant increase in number of DCs that internalized NP at 

higher cholesterol concentrations demonstrates that increasing cholesterol content in the lipid layer 

could considerably facilitate the uptake of hybrid NPs by DCs. Others proposed that in vitro cellular 

uptake of lipid-polymer hybrid NP was mediated by carrier endocytosis and cell fusion [18]. In this study, 

the enhancing effect of cholesterol on cellular uptake may result from the fact that cholesterol can 

improve the stability of the lipid bilayer [19], and the improved integrity of the hybrid structure 

promotes NP uptake by DCs. In addition, as shown in Fig. 3C, increasing cholesterol concentrations 

resulted in significantly higher fluorescent intensities in DCs, suggesting that more NPs of higher 

cholesterol content were internalized. Analysis of the fluorescence intensity demonstrates that DCs 

internalized 150% more hybrid NP of 20% cholesterol concentration compared internalization in NP of 

5% cholesterol concentration.  

 Cellular uptake of hybrid NP of various cholesterol content was further examined with TEM. In 

order to increase the contrast of TEM image and better locate distribution of NPs in DCs, iron NPs were 

encapsulated in lipid-PLGA hybrid NPs. In addition to the physiochemical characterization of hybrid NP in 

Fig. 1, the morphologies of PLGA NP and lipid-PLGA hybrid NP were studied using TEM. A representative 

TEM image of PLGA NP is shown in Fig. 4A. The NP is of a spherical shape with a diameter around 160 

nm, and the particle surface is smooth.  As shown in Fig. 4B, although the size and morphology of lipid-

PLGA hybrid NP are highly similar to that of PLGA NP, one lipid layer with thickness of 10-20 nm is seen 

to closely surround the PLGA core. The comparison of Fig. 4A and Fig. 4B clearly shows that PLGA NP 

was perfectly hybridized with liposome. Iron NPs (as shown in Fig. 4C) with a diameter of 30 nm were 

encapsulated in PLGA NPs. After hybridization with liposome, PLGA NP including iron NPs were 

incorporated with a lipid layer (Fig. 4D). In consistency with Fig. 4B, a lipid layer can be distinctively 
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observed in iron enclosed lipid-PLGA hybrid NPs. After incubating 2×106 DCs with 200 µg of iron 

containing lipid-PLGA hybrid NPs of varying lipid compositions for 90 min, uptake of NPs by DCs was 

viewed using TEM. As shown in Fig. 4E-H (from Fig. 4E to Fig. 4H, the cholesterol content in lipid layers 

was 5%, 10%, 15%, and 20%, respectively), DCs internalized different amounts of hybrid NPs depending 

on the cholesterol concentration. Consistent with the results from confocal imaging and flow cytometry, 

TEM images of cellular uptake show that more NPs with higher cholesterol content were internalized by 

DCs. Remarkably, regardless of lipid composition, all the NPs were enclosed inside endosomes after 

uptake by cells. From an immunological perspective, such a location of NP in DCs is beneficial to trigger 

immune response, especially for inducing humoral response. In endosomes, antigens can be processed 

by proteinases into antigenic peptides, which are further presented to T helper cells [20]. It is to be 

noted that the lipid layer of hybrid NP with 5% cholesterol was no longer detected in NPs after 

internalization by DCs, but in other hybrid NPs with higher cholesterol content, a lipid layer surrounding 

NPs could still be observed after endocytosis. It is likely that the lipid layer with higher cholesterol 

content was stable and able to maintain the core-shell structure during their entrance into DCs.  

3.4  Stability of hybrid NPs in PBS buffer at 4 C for 30 days 

 To assess how cholesterol content could affect long-term stability of hybrid NPs, NPs of varied 

cholesterol concentrations (5%, 10%, 15%, and 20%) were stored in PBS buffer (pH 7.4, 5 mg/mL) at 4 C 

for 30 days, and the size distribution and confocal morphology of the NPs were studied before and after 

storage. As shown in Fig. 5 A-D, size distributions of all the NPs shifted to the right after 30 days of 

storage, indicating a general trend toward size increase. It appears that the extent of size increase was 

correlated with cholesterol content in the lipid layer. For example, the initial central peak of all the NPs 

was around 150 nm, and after storage, it changed to 300 nm, 500 nm, 1500 nm, and 1250 nm for NPs 

with cholesterol content of 5%, 10%, 15%, and 20%, respectively.  The size increase of NPs may result 

from aggregation or fusion of NPs. This assumption was confirmed by analysis of the confocal image of 
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NPs after storage. As shown in the magnified confocal image in Fig. 5D, many small NPs are distributed 

around and merging with a NP of much bigger size, suggesting that bigger NPs were formed by fusion of 

smaller NPs. A closer examination of the confocal images of the stored NP revealed that the number of 

visible NPs decreased with the decrease in cholesterol content in the lipid layer. It is likely that the lipid 

layer of hybrid NPs with lower cholesterol concentration was not stable, and might disintegrate from the 

PLGA core over time of storage. PLGA NPs without the protection from a lipid layer can be hydrolyzed 

more rapidly compared to those shelled with lipid layer, leading to disappearance of previously visible 

particles. For example, early study on PLGA degradation showed that the half-life of PLGA structures 

were less than 4 weeks [21]. The degradation of NPs of lower cholesterol content might result in lower 

number of visible NPs as well as lead to a reduction in the chance of forming larger NPs. Although NPs 

with higher cholesterol content were more stable in terms of structural integrity compared to those 

with lower cholesterol content, the considerable size increase might interfere with antigen delivery. As 

shown in Fig. 5E, analysis of cellular uptake of NPs with 20% cholesterol content demonstrates that 

63.9% of the cell internalized newly prepared NPs in 90 min. In contrast, only 26.4% of cells took up the 

stored NPs, suggesting that long-term stored NPs with higher cholesterol content may not perform 

ideally as a vaccine carrier unless the fusion effect leading to large size can be minimized. 

3.5  Minimization of the fusion effect among hybrid NPs through PEGylation 

 As discussed in previous section, high concentration of cholesterol in the lipid layer was 

beneficial to maintaining the integrity of the hybrid structure of NP. However, an intact lipid shell 

increased the chance of fusion between NPs, leading to increased particle size and decreased cellular 

uptake. Therefore, it is necessary to engineer the high cholesterol content hybrid NPs to be fusion 

resistant.  PEGylation has been reported as one of the most successful strategies to improve the delivery 

of many therapeutic molecules such as proteins, macro-molecular carriers, small drugs, oligonucleotides, 

and other biomolecules [22]. PEGylation has also been widely used as a stabilizing process for many NP 
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formulations, such as dendrimers and liposomes [23]. It is possible that the steric hindrance offered by 

PEG molecules may mitigate the fusion problem of lipid-PLGA hybrid NPs. Therefore, in this study, 

hybrid NPs containing 20% cholesterol were incorporated with various molar ratios (10%, 20%, and 30%) 

of DSPE-PEG(2000) Amine in lipid layer, and size distributions and confocal images of these PEG 

engineered hybrid NPs were analyzed after 30 days’ storage at 4 C in PBS buffer. As shown in Fig. 6, the 

size distributions of PEGylated NPs remained closer to that of newly made hybrid NPs compared to that 

without PEG, indicating that PEGylation could markedly reduce the fusion problem of hybrid NPs during 

storage. Confocal images of NPs in Fig. 6 also show that no marked size increase were detected among 

NPs containing DSPE-PEG(2000) Amine compared to newly made NPs. Size distribution of NPs was also 

related to the concentration of PEG in the lipid layer, and hybrid NPs containing a higher percentage of 

PEG exhibited less size distribution when compared to newly made NPs.  

3.6  Influence of PEGylation of hybrid NPs on cellular uptake of NPs 

 The ultimate goal of introducing DSPE-PEG(2000) amine into the lipid layer was to minimize 

fusion-caused size increases of NPs, thereby improving uptake of NPs by DCs. To evaluate the effect of 

PEGylation of NP on cellular uptake, PEGylated NPs after 30 days storage in PBS buffer (5 mg/mL) were 

mixed with DCs, and internalization of NPs were studied with flow cytometry and confocal microscopy. 

As shown by flow cytometry data in Fig. 7, after 90 min treatment, 26.6%, 58.9%, 54.9%, and 48.3% of 

the cells internalized NPs with PEG concentration of 0%, 10%, 20%, and 30%, respectively. Confocal 

microscopic pictures also demonstrate that considerably higher quantities of PEGylated NPs were taken 

up by DCs compared to non-PEGylated NPs. These results indicate that PEGylation of hybrid NPs could 

effectively improve cellular uptake of stored NPs. It is very likely that the improved endocytosis of NPs 

resulted from the relatively unchanged size distribution of PEGylated NPs, because DCs preferably 

internalize nanoparticles with sizes between 20 nm and 100 nm [24]. However, it should be noticed that 

among those PEGylated NPs, higher level of PEGylation led to decreased cellular uptake. The percentage 
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of cells that internalized NPs significantly dropped from 58.9% to 48.3% when PEGlyation level was 

raised from 10% to 30%. The decreased cellular uptake of NPs with higher PEG concentration implies 

that PEGylation of NPs is a double-edged sword: on one hand it can stabilize NPs, but on the other hand, 

it can impede the interaction between NPs and cells, decreasing cellular uptake efficiency.  

 

4. Conclusion 

 Lipid-PLGA hybrid NPs with various cholesterol contents were fabricated, and a higher content 

of cholesterol in lipid layer was found to allow slower and more controlled antigen release in vitro, 

facilitate cellular uptake of NPs, and protect the integrity of the hybrid nanostructure. However, 

concentrated cholesterol in the lipid layer promoted fusion between hybrid NPs, resulting in significant 

size increase after long-term storage in PBS buffer, which impeded cellular uptake of NPs. To mitigate 

the fusion effect during storage, hybrid NPs were PEGylated. It was found that PEGylation of hybrid NPs 

could considerably minimize fusion-caused size increases for NPs of high cholesterol content. 

Subsequent study on cellular uptake of stored PEGylated NPs demonstrated that PEGylation could 

significantly increase internalization of NPs compared to non-PEGylated NPs stored for a similar period 

of time. However, the level of PEGylation has to be cautiously considered, because although higher 

concentrations of PEG in lipid layesr may improve the long-term stability of hybrid NPs, it also can 

potentially increase steric hindrance between NPs and cells, undermining cellular uptake efficiency.  
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Figure 1. Synthesis of lipid-PLGA NPs. (A) A 3D schematic illustration of the structure of lipid-PLGA NPs 
showing a lipid layer around a BSA core. (B) (Left graph) encapsulation efficiency of BSA at varied 
amounts (0.5 mg, 1 mg, 5 mg, and 10 mg) by 100 mg PLGA NPs; (right graph) size and zeta potential of 
lipid-PLGA NPs containing various molar ratios of cholesterol in the lipid layer (5%, 10%, 15%, 20%). (C) 
Confocal micrograph of lipid-PLGA NPs, in which lipid layer was labeled with NBD PE (green color) and 
PLGA core encapsulated Rhod B (red color) stained BSA. The merged image shows that PLGA NPs and 
liposomes were hybridized (D) FTIR spectra of liposome, PLGA NP, and lipid-PLGA NP. Liposomes and 
hybrid NPs share peaks, demonstrating that the lipid layer was coated onto the PLGA core. 
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Figure 2. Release of BSA from lipid-PLGA hybrid NPs. (A) The release of BSA from hybrid NPs containing 
various concentrations of cholesterol in lipid layer after incubation for 24h in human serum at room 
temperature. Higher concentrations of cholesterol decreased BSA release.  (B) The release profile of BSA 
from hybrid NPs, which were suspended in PBS buffer (pH 7.4) at room temperature. After 168 h of 
incubation in PBS buffer, 51.5% BSA was released from NPs containing 20% cholesterol in its lipid layer. 
In contrast, 76.8% of BSA was released from NPs with 5% cholesterol, demonstrating a significant impact 
of cholesterol on retaining antigen in hybrid NPs. 
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Figure 3. Investigation of endocytosis of freshly made hybrid NPs by DCs using CLSM and flow 
cytometry. Increasing cholesterol concentrations resulted in significantly higher fluorescent intensities in 
DCs, suggesting that more NPs of higher cholesterol content were internalized. (A) Confocal microscopic 
image of the uptake of hybrid NPs consisting of various molar ratios (5%, 10%, 15%, and 20%) of 
cholesterol by DCs. 100 µg of Rhod B stained hybrid NP were incubated with 3×105 DCs for 5 h. The scale 
bars in all lower magnification images are 10 µm. (B) Flow cytometry study on the percentage of cells 
that had taken up the above mentioned hybrid NPs. 200 µg of Alexa Fluor® 647 labeled NPs were 
cultured with 2×106 DCs for 90 min. (C) Singlet median intensity of the DCs that had endocytosed hybrid 
NPs with various molar ratios of cholesterol in lipid layer. ** denotes that P-value is less than 0.05, *** 
denotes that P-value is less than 0.01. 
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Figure 4. TEM images of (A) PLGA NP, (B) Lipid-PLGA hybrid NP, (C) Iron NP, (D) Lipid-PLGA 
hybrid NP with enclosed iron NP, (E-H) Dendritic cell uptake of iron NP contained lipid-PLGA 
hybrid NPs, which have different molar ratios of cholesterol (5%, 10%, 15%, and 20%). 2×106 
immature DCs were incubated with 200 µg of hybrid NPs for 90 min.  Figure E-H show that DCs 
internalized more hybrid NPs of higher cholesterol content compared to those of lower 
cholesterol content.   
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Figure 5. Stability of hybrid NPs of different cholesterol content in PBS at 4 C for 30 days. Size 
distributions of hybrid NPs were measured before (red columns) and after (grey columns) storage in PBS, 
and the corresponding confocal images of hybrid NPs were taken (lipid layer of hybrid NPs was labeled 
with NBD, and PLGA core was labeled with Rhod B). (A) NPs with 5% cholesterol in total lipid content. (B) 
NPs with 10% cholesterol. (C) NPs with 15% cholesterol. (D) NPs with 20% cholesterol. (E) Cellular 
uptake of newly prepared NP containing 20% cholesterol and NPs (PLGA core was labeled with Alexa 
Fluor® 647) stored for 30 days. During storage, hybrid NPs of higher cholesterol content underwent 
more significant size increase compared to those of lower cholesterol content. Increase in NP size 
impeded the uptake of NPs by dendritic cells. Scale bars in confocal images represent 10 µm.  
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Figure 6. Impact of DSPE-PEG (2000) amine on the size distribution of NPs after 30 days’ storage at 4 oC. 
Hybrid NP containing 20% cholesterol in lipid layer were introduced with a range of concentrations 
(10%, 20%, and 30%) of DSPE-PEG(2000) amine. The pictures on both sides of size distribution are 
confocal images of NPs labeled with NBD and Rhod B. The colors in confocal images were a result of 
combination of NBD and Rhod B. After 30 days’ storage, no marked size increase were detected among 
NPs containing DSPE-PEG(2000) amine compared compared to newly made NPs. The scale bars 
represent 20 µm. 
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Figure 7. Cellular uptake of PEGylated hybrid NPs. Hybrid NPs containing 20% cholesterol and a range 

concentrations (0%, 10%, 20%, and 30%) of DSPE-PEG(2000) Amine were stored in PBS at 4 C for 30 
days, and cellular uptake of these stored NPs were investigated using flow cytometry and confocal 
microscope. (A) NPs with 0% PEG, (B) NPs with 10% PEG, (C) NPs with 20% PEG, and (D) NPs with 30% 
PEG. After 30 days’ storage, considerably higher quantities of PEGylated NPs were taken up by DCs 
compared to non-PEGylated NPs. Scale bar represent 5 µm.  
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Chapter VIII: General Conclusions and future directions 

The enormous economic loss and tremendous stress on public health caused by tobacco 

smoking as well as poor effectiveness of current medications necessitate the development of new 

strategies for smoking cessation. In recent years, nicotine vaccines, acting by producing nicotine specific 

antibodies to minimize the amount of nicotine that can enter brain during smoking, have emerged as a 

promising medical intervention against cigarette smoking. Due to the inability of nicotine to induce 

immune response, the nicotine molecule has to be associated with carriers of bigger mass to produce 

nicotine specific antibodies. In the past decade, there have been numerous nicotine vaccine candidates 

evaluated in human clinical trials, including NicVAX®, TA-NIC®, NIC002®, Niccine®, and SEL-068®.  

Traditional nicotine vaccines using protein-nicotine conjugate as antigen have been extensively studied. 

However, protein-nicotine conjugate based vaccines have some innate deficiencies, including low 

immunogenicity, low specificity, and short immune response persistence, all of which render these 

vaccines ineffective in treating smoking addiction. Currently, nicotine vaccines using nanoparticles as 

delivery system are believed to be viable designs for overcoming aforementioned disadvantages of 

conventional nicotine vaccines. 

In this study, to facilitate recognition and uptake of nicotine vaccine by immune cells, nicotine-

BSA conjugate was linked to nano-sized cationic liposomes. Such a lipoplex based nicotine vaccine 

demonstrated high antigen loading capacity, high nicotine epitope density, and desirable 

physiochemical properties, all of which led to significantly stronger immunogenicity than Nic-BSA 

nicotine vaccine. However, poor stability caused by flocculation and fusion was associated with 

liposome based delivery system. To improve the stability of liposome based nicotine vaccine, negatively 

charged nanohorns as scaffold support were incorporated into cationic liposomes via a freeze-thaw 

method. This nanohorn supported liposome exhibited marked improvement in stability compared to 
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liposome. A subsequent animal trial showed that nicotine vaccine using nanohorn supported liposome 

demonstrated significantly higher potency in inducing immune response than cationic liposome based 

nicotine vaccine. In addition, no clinical signs indicated that this nanohorn supported liposome would 

cause severe toxicity to animals.  

Despite its desirable ability in potentiating immune response, nanohorn supported liposome as 

vaccine delivery system is still at its infant stage and the cytotoxicity of nanohorns is debatable. 

Therefore, our subsequent study focused on developing hybrid nanoparticle that can replace nanohorn 

supported liposome as nicotine vaccine delivery vehicle. Due to its widely accepted good safety profile, 

PLGA nanoparticles were used to substitute for nanohorns as support for liposome. Preliminary data 

showed that lipid-PLGA hybrid nanoparticle demonstrated excellent stability in buffers that mimicking 

both storage conditions and physiological conditions. In addition, uptake rate of hybrid nanoparticles by 

dendritic cells could be controlled by modulating the surface charge of nanoparticles.  

For vaccine delivery, it is desirable to devise a vehicle that can maintain good stability during 

circulation as well as enable timely antigen release after uptake by immune cells. To fulfill this goal, a 

hybrid nanoparticle consisting of a PLGA core and a pH sensitive lipid shell was devised. Compared to 

non-pH sensitive hybrid nanoparticles, in response to low pH challenge, the pH sensitive nanoparticle 

could allow rapid removal of the lipid shell from the PLGA core, resulting in faster antigen release. The 

study on uptake of hybrid nanoparticles by dendritic cells demonstrated that pH sensitive nanoparticles 

could release protein antigens in endosomes of dendritic cells more readily than non-pH sensitive 

nanoparticles.  

Lipid compositions of both cholesterol and DSPE-PEG dictate the surface chemistry of hybrid 

nanoparticles. This influences nanoparticle stability, antigen release, and internalization by dendritic 

cells. We found that high content of cholesterol could not only protect the integrity of the hybrid 
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structure, but also promote the uptake of nanoparticles by dendritic cells. However, high cholesterol 

content in lipid layer led to increased fusion between nanoparticles during long term storage, resulting 

in poor uptake of nanoparticle by dendritic cells. Later study found that introducing DSPE-PEG into lipid 

layer could markedly reduce high cholesterol caused particle aggregation, facilitating nanoparticle 

uptake by dendritic cells.  

In conclusion, using nanoparticles as a vehicle for nicotine vaccine delivery can protect antigen 

from premature degradation, improve bioavailability of a vaccine to immune system, allow timely 

antigen release, and permit co-delivery of antigen and adjuvant, leading to enhanced immunogenicity of 

nicotine vaccine and lengthened immune response persistence. 

Based on the findings from this thesis, future work may focus on development of nicotine 

vaccine using lipid-PLGA hybrid nanoparticle as carrier. In addition, this hybrid delivery system may also 

be used to construct vaccines against other drugs of abuse, such as cocaine, heroin, and 

methamphetamine.  This hybrid nanoparticle based vaccine may increase bioavailability of vaccine to 

immune system, allow easy integration of molecular adjuvants to vaccine complex, and minimize 

immune pathogenicity of nicotine vaccine.   
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