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Abstract

Traditional hapten-protein conjugate nicotine vaccines have shown less than desired 

immunological efficacy due to their poor recognition and internalization by immune cells. We 

developed a novel lipid-polymeric hybrid nanoparticle-based nicotine vaccine to enhance the 

immunogenicity of the conjugate vaccine, and studied the influence of particle size on its 

immunogenicity and pharmacokinetic efficacy. The results demonstrated that the nanovaccines, 

regardless of size, could induce a significantly stronger immune response against nicotine 

compared to the conjugate vaccine. Particularly, a significantly higher anti-nicotine antibody titer 

was achieved by the 100 compared to the 500 nm nanovaccine. In addition, both the 100 and 500 

nm nanovaccines reduced the distribution of nicotine into the brain significantly. The 100 nm 

nanovaccine exhibited better pharmacokinetic efficacy than the 500 nm nanovaccine in the 

presence of alum adjuvant. These results suggest that a lipid-polymeric nanoparticle-based 

nicotine vaccine is a promising candidate to treat nicotine dependence.

Graphical Abstract

This work describes a novel strategy to enhance the immunogenicity of conjugate nicotine 

vaccines by using hybrid NPs as delivery vehicles. The work also suggests a method to improve 

the efficacy of NP-based nicotine vaccines by modulating the particle size. In vivo results indicate 

that a lipid-polymeric hybrid NP-based nicotine nanovaccine exhibits significantly higher 

immunogenicity than a conjugate nicotine vaccine, and that the 100 nm nanovaccine provided 

better immunogenicity and pharmacokinetic efficacy than the 500 nm nanovaccine. Overall, the 

findings suggest that a lipid-polymeric hybrid NP-based nicotine vaccine is a promising candidate 

to treat nicotine addiction.
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Background

Tobacco addiction has consistently been the top preventable cause of many serious diseases; 

it continues to result in extensive mortality, morbidity, and economic loss.1, 2 Currently, 

nicotine replacement therapies, bupropion, and varenicline, are the major pharmacological 

interventions available to smokers for quitting smoking.3 However, even with the help of 

these medications, the smoking cessation rate is disappointingly low (10-25%) and there are 

many associated problems, such as various adverse side effects and high cost.4, 5 Therefore, 

it is both necessary and urgent to develop new approaches to combat tobacco addiction.

In recent years, nicotine vaccines that can induce the production of nicotine-specific 

antibodies have emerged as a promising approach to combat smoking addiction.6, 7 The 

antibodies elicited by a nicotine vaccine can bind with nicotine molecules in blood to form 

antibody-nicotine complexes, thereby blocking nicotine from crossing the blood-brain 

barrier to stimulate the central nervous system.8 In the past decade, there have been several 

nicotine vaccine candidates developed and evaluated in human clinical trials.9 Unfortunately, 

none of these vaccines are currently available to smokers due to their poor efficacy caused 

by low antibody titers, high variability, and low antibody affinity for nicotine.7 The placebo-

controlled phase 2 clinical studies of NicVax and NicQβ revealed that, while the overall 

smoking cessation rate was not enhanced compared to the placebo group, the top 30% of 

subjects that had the highest antibody titers showed an improved quit rate.10, 11 This 

suggests that the basic concept of immunotherapy for smoking cessation is solid but requires 

more antibodies to be generated to ensure efficacy of the vaccination.

To date, most existing nicotine vaccines are traditional hapten-protein conjugate vaccines in 

which nicotine analogues are conjugated to a carrier protein to be immunogenic.11, 12 

However, traditional nicotine-protein conjugate vaccines suffer from several shortcomings, 

including poor recognition and internalization by immune cells, low bioavailability, fast 

degradation, difficulty in integration with molecular adjuvants, and short immune 

persistence, all of which lead to low immunological efficacy 7.
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Nanoparticles (NPs) have been extensively applied for efficient delivery of drugs, antigens, 

and vaccines,13-17 making them a promising approach to potentially overcome the 

limitations of conjugate nicotine vaccines. However, to our knowledge, the use of 

nanoparticles for the delivery of drug conjugate vaccines has not been widely studied, with 

only a few studies reporting the utilization of liposomes and negatively charged nanohorn-

supported liposomes as nicotine vaccine delivery vehicles.18-20 Nevertheless, liposomes and 

nanohorn-supported liposomes have either stability issues or safety concerns, limiting their 

clinical applications.

Lipid-polymeric hybrid NPs that consist of a poly(lactic-co-glycolic acid) (PLGA) NP core 

and a lipid shell, both of which have been approved for clinical use, have been used widely 

as vaccine delivery systems due to their biocompatibility, biodegradability, excellent safety, 

good stability, ease in fabrication, and ability in controlled antigen release.21-23 In the 

current study, we developed a novel NP-based nicotine vaccine in which lipid-polymeric 

hybrid NPs were utilized as vehicles for the effective delivery of conjugate nicotine 

vaccines. Particularly, based on the hypothesis that NP size may affect the immunogenicity 

of NP-based nicotine vaccines, we determined whether the immunogenicity of nanovaccines 

could be enhanced by modulating NP size. In this study, we selected 100 and 500 nm as 

representatives of small and large sizes of lipid-polymeric NP-based nicotine vaccines. We 

compared the physicochemical properties, cellular uptake by dendritic cells, 

immunogenicity, pharmacokinetic (PK) efficacy, and safety of the nanovaccines with these 

two sizes.

Methods

Synthesis of a Nic-KLH conjugate

O-Succinyl-3′-hydroxymethyl-(±)-nicotine (Nic)-keyhole limpet hemocyanin (KLH) 

conjugates were synthesized using a carbodiimide-mediated reaction. In brief, 2.4 mg of Nic 

hapten were mixed with appropriate amounts of 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 

(Sulfo-NHS) in 0.5 mL of activation buffer (0.1 M 2-(N-morpholino)ethanesulfonic acid, 0.5 

M NaCl, pH 6.0), and incubated at room temperature for 15 min. The mixture was then 

added to 5 mg of KLH that was dissolved in 2 mL of coupling buffer (0.1 M sodium 

phosphate, 0.15 M NaCl, pH 7.2). After reacting overnight, unconjugated Nic hapten and 

byproducts were eliminated by dialyzing against 0.01 M phosphate-buffered saline (PBS) 

(pH 7.4) using a dialysis membrane (molecular weight cut-off 6000-8000) at room 

temperature for 24 h.

Assembly of lipid-polymeric hybrid NP-based nicotine vaccines

Lipid-polymeric hybrid NPs were assembled by attaching Nic-KLH conjugates onto the 

surface of lipid-PLGA hybrid NPs via a thiol-maleimide-mediated method. In brief, PLGA 

and lipid-PLGA NPs were fabricated according to the method described in the 

supplementary materials An appropriate amount of Traut's reagent was added to 3 mg of 

Nic-KLH that was dissolved in 0.1 M pH 8.0 bicarbonate buffer, and incubated for 1 h at 

room temperature to obtain the thiolated Nic-KLH conjugate. Nic-KLH was attached onto 
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lipid-PLGA NPs by reacting the thiolated Nic-KLH with appropriate amounts of lipid-

PLGA NPs in 0.1 M, pH 8.0, bicarbonate buffer for 2 h. Nanovaccine NPs were collected by 

centrifugation at 10,000 g, 4°C, for 30 min. Unattached Nic-KLH in the supernatant was 

quantified by the bicinchoninic acid assay.

Active immunization of mice with nicotine nanovaccines

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. Female Balb/c mice 

(6-7 weeks of age, 16-20 g) were randomized into vaccine and control groups (8 per group). 

In the vaccine groups, mice were immunized subcutaneously with conjugate vaccine or 

nanovaccines containing 25 μg of Nic-KLH immunogen on days 0, 14, and 28. For groups 

immunized with vaccine and adjuvant, alum (1.5 mg) was pre-mixed with the vaccine 

solution before injection. Mice were injected with a total volume of 200 μL in all groups. In 

the blank group, 200 μL of PBS was injected into mice on the same days. Blood samples 

(∼100 μL) were collected from the retro-orbital plexus of mice under isoflurane anesthesia 

on days 0, 13, 27, 41, 55, and 62 to monitor antibody titers.

Evaluation of the immunogenicity of nicotine vaccines by measuring specific anti-nicotine 
IgG antibody titers

Anti-nicotine IgG antibody titers in mouse serum samples were analyzed by an enzyme-

linked immunosorbent assay (ELISA) according to a method reported previously.19 

Antibody titer was defined as the dilution factor at which absorbance at 450 nm declined to 

half maximal.

Evaluation of the pharmacokinetic efficacy of nicotine vaccines in mice

Female Balb/c mice (6-7 weeks of age, 16-20 g) were immunized with 100 nm nanovaccine, 

500 nm nanovaccine, or 6-CMUNic-KLH, and the negative control (KLH protein only), with 

or without the alum adjuvant using the same procedure described above (4 per group). For 6-

CMUNic-KLH, two groups of mice were immunized using either 0.25 or 1.5 mg alum as 

adjuvant. Two weeks after the second boost injection (day 41), mice were administered 0.06 

mg/kg nicotine subcutaneously. Mice were euthanized under anesthesia 4 min post nicotine 

challenge, and the blood and brain were collected. Nicotine contents in serum and brain 

tissues were analyzed by gas chromatography/mass spectrometry according to a method 

reported previously 24.

Statistical analyses

Data are expressed as means ± standard deviation. Comparisons among multiple groups 

were conducted using one-way ANOVA followed by Tukey's HSD test. The analysis of 

Th1/Th2 index between each vaccine treatment group and the value “1” was carried out by 

one-sample t-test. Differences were considered significant when the p-values were less than 

0.05.
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Results

Synthesis and characterization of lipid-polymeric hybrid NP-based nicotine vaccines with 
controlled size

Two hybrid NP-based nanovaccines with sizes of 100 and 500 nm were prepared, and their 

physiochemical properties were studied. As shown in Table 1, the sizes of lipid-polymeric 

hybrid and nanovaccine NPs were dominated by the size of the PLGA NPs. A slight increase 

of size was observed for the hybrid NPs and the final nanovaccine NPs compared to the 

initial PLGA NPs. Moreover, the size of the PLGA NPs can be controlled by changing the 

magnitude and time of sonication in the double emulsion solvent evaporation process. 

Therefore, hybrid NP-based nanovaccines with different sizes can be prepared reproducibly.

The measured mean diameters of the 100 and 500 nm nanovaccines were 108.7 ± 3.7 and 

467.5 ± 10.3 nm, respectively (Table 1). This indicated that the fabrication method used in 

this study allowed accurate size control of the hybrid NP-based nanovaccines. The surface 

charges of nanovaccine NPs, represented by the zeta potential, were 2.29 ± 0.31 and 2.69 

± 0.07 mV for the 100 and 500 nm vaccines, respectively (Table 1). The polydispersity 

indexes (PDI) were 0.20 ± 0.02 and 0.23 ± 0.03 for the 100 and 500 nm nanovaccines, 

respectively (Table 1). The low PDI of the two nanovaccines indicated that the size of the 

NPs was uniform. In this study, 10 mg of KLH was used to associate with 50 mg of hybrid 

NPs. As shown in Table 1, the KLH conjugation efficiency was as high as 88% for both 

nanovaccines, demonstrating the high conjugation efficiency of the Traut's reagent- and 

maleimide-mediated reactions, as well as the high antigen loading capacity of hybrid NPs.

The morphology of hybrid NPs with distinct sizes was characterized by transmission 

electron microscopy (TEM). As shown in Figure 1A, hybrid 100 and 500 nm NPs clearly 

exhibited a core-shell hybrid structure. In the micro-images, the lipid shell is pinpointed by 

the blue arrows, and the PLGA core is shown by the red arrows. In agreement with the low 

PDI of NPs (Table 1), the particle sizes of both 100 and 500 nm NPs were uniform, 

suggesting that the NP fabrication method was highly effective and robust.

To confirm the hybridization of PLGA NPs and liposomes, Fourier transform infrared 

(FTIR) spectra of PLGA NPs, liposomes, and lipid-polymeric hybrid NPs were analyzed. As 

shown in Figure 1B, hybrid NPs shared unique wavelength peaks with either PLGA NPs or 

liposomes. For example, peaks at 1095 and 1136 cm-1 were shared by PLGA and hybrid 

NPs, while peaks at 2854 and 2925 cm-1 were commonly displayed in both liposomes and 

hybrid NPs. The similarities and differences in the FTIR spectra of hybrid NPs and the other 

two particles further suggested that a lipid layer was successfully coated onto PLGA NPs.

To verify the successful conjugation of KLH to hybrid NPs, NPs, in which KLH and the 

lipid layer were fluorescently labeled with rhodamine B and nitro-2-1,3-benzoxadiazol-4-yl 

(NBD), respectively, were imaged with confocal laser scanning microscopy (CLSM). Co-

localization of both red and green color was observed on the majority of NPs, indicating that 

the maleimide-thiol reaction was highly efficient in conjugating protein to NPs (Figure 2). 

High conjugation efficiency between Nic-KLH and hybrid NPs is of great value to the 

vaccine design in this study. Firstly, it allows full utilization of both hybrid NPs and KLH, 
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avoiding laborious purification of unconjugated particles and proteins. Secondly, high 

quantities of KLH can be loaded onto a single NP, supplying sufficient amount of protein 

antigen to immune cells once internalized. Finally, high protein loading capacity can deliver 

more nicotine epitopes on a single NP, increasing the chance of B cell activation.

Uptake of hybrid NPs by dendritic cells

Efficient recognition and capture of antigens by antigen presenting cells largely determines 

the outcome of the humoral immune response. In this study, the influence of NP size on the 

uptake of nanovaccines by dendritic cells was investigated. Within 2 h, 99.4%-99.7% of the 

cells were stained by AF647 fluorescence. There was no marked difference in the 

percentages of positive dendritic cells for NPs of the two sizes (Figure 3C). This suggested 

that both 500 and 100 nm particles were taken up rapidly by dendritic cells. However, as 

shown in Figure 3D and 3E, a significantly higher mean intensity of AF647 fluorescence 

was observed in cells treated with 100 nm particles than in cells treated with 500 nm 

particles, demonstrating that dendritic cells can more efficiently swallow nanovaccine NPs 

of smaller size. Moreover, as shown in Figure 3A and 3B, the mean intensity of AF647 

fluorescence in the 500 nm nanovaccine group was significantly higher than that in the 

AF647-KLH group, indicating that the use of hybrid NPs enhanced the bioavailability and 

internalization of protein antigens.

Cellular uptake of AF647- and NBD-labeled NPs was further studied using CLSM. As 

shown in Figure 4, the fluorescence intensity indicated that the amount of NPs taken up by 

dendritic cells was time-dependent for both NPs. In agreement with the flow cytometry 

results, all studied dendritic cells were stained by NPs, supporting the conclusion that both 

500 and 100 nm NPs can be captured effectively by dendritic cells in a short period of time. 

Moreover, the brighter fluorescence of both AF647 and NBD in the 100 nm group (Figure 

4A) compared to the 500 nm group (Figure 4B) at 2 h showed that more 100 nm NPs were 

internalized by dendritic cells. The amount of NPs carrying antigens that are internalized by 

dendritic cells is of great importance to activation of the immune response because the more 

antigen that is internalized, the more antigen peptides may be presented to naïve T cells, and 

the more B cells that may be activated.

Immunogenicity of hybrid NP-based nicotine nanovaccines in mice

A steady increase of the anti-nicotine antibody titer was observed for each vaccine after each 

injection (Figure 5). Specially, the anti-nicotine antibody titers increased significantly after 

the first booster injection (on day 27) for all vaccine groups. In addition, substantially 

increased antibody titers (>8,500) were detected for all formulations, except for the Nic-

KLH conjugate vaccine, on day 41. Compared to the Nic-KLH conjugate vaccine, both the 

100 and 500 nm nanovaccines achieved significantly higher anti-nicotine antibody titers on 

days 27, 41, 55, and 62. This demonstrated that the use of lipid-polymeric NPs as delivery 

vehicles could improve the immunogenicity of the Nic-KLH conjugate nicotine vaccine. 

Moreover, at the end of the immunogenicity study on day 62, the 100 nm nanovaccine 

without alum achieved significantly higher antibody titers over the 500 nm nanovaccine 

without alum; meanwhile, the 100 nm nanovaccine with alum also induced considerably 
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higher antibody titer than the 500 nm nanovaccine with alum. These results suggest that the 

100 nm nanovaccine induced a stronger immunogenic effect.

In this study, 6-CMUNic-KLH, one of the most well-characterized and highly immunogenic 

conjugate nicotine vaccines24, was used as a positive control. Among all formulations, the 

100 nm nanovaccine with alum generated a much higher anti-nicotine antibody titer over 6-

CMUNic-KLH at all studied time points. To study the long-term persistence of the immune 

response, antibody titers on days 55 and 62 were measured for all vaccine formulations. The 

antibody level in the 6-CMUNic-KLH group markedly declined from 11,000 to 8000 

between days 41 and 55. Similarly, a pronounced decline of antibody titers was observed for 

nanovaccines with alum between days 55 and 62. Nevertheless, nanovaccines maintained 

antibody titers for a longer time compared to 6-CMUNic-KLH. Interestingly, antibody titers 

of nanovaccines without alum increased between days 55 and 62, especially for the 100 nm 

nanovaccine. This revealed that, at later times, the antibody titers in groups treated with 

nanovaccines without alum were higher and longer lasting than nanovaccines with alum. A 

possible mechanism of this finding is that alum limited the bioavailability of nanovaccines to 

immune cells, such as dendritic and B cells, due to the over-retention of NPs in alum 25.

The titers of IgG subclass antibodies, including IgG1, IgG2a, IgG2b, and IgG3 on day 62, 

were also measured. Nanovaccines, regardless of size, considerably increased the titers of all 

four IgG subclasses compared to the Nic-KLH conjugate vaccine, especially for IgG1 and 

IgG2a (Figure 6). Interestingly, the 100 nm nanovaccine group had significantly higher titers 

of IgG1 and IgG2a compared to the 500 nm nanovaccine group. In addition, as shown in 

Figure 6 and Table 2, IgG1 was dominant among all subclasses for all vaccines.

The Th1/Th2 index, that reflects the relative magnitude of the humoral to the cellular 

immune response26, was calculated. Very low Th1/Th2 indexes (significantly less than 1) 

were found for all vaccine formulations and there were no significant differences among 

groups (Table 2). This indicated that the immune response induced by all tested nicotine 

vaccines was significantly skewed toward Th2. For nicotine vaccines, a low Th1/Th2 index 

is desirable because the efficacy of reducing the rewarding effects of nicotine is dependent 

on the magnitude of the humoral response.

Effects of nicotine nanovaccines on the distribution of nicotine in serum and brain

The ability of vaccines to prevent nicotine from crossing the blood-brain barrier largely 

determines the outcomes of smoking cessation efforts.7 To determine the efficacy of nicotine 

nanovaccines, mice were challenged with 0.06 mg/kg nicotine two weeks after the second 

boost immunization (on Day 41) and nicotine contents in serum and brain were analyzed. 

This dose approximates the mg/kg of nicotine in three smoked cigarettes in humans27. The 

nicotine contents retained in serum are shown in Figure 7A. The serum nicotine level 

increased by 47% in the 500 nm nanovaccine group compared to that of the negative control 

group. In contrast, serum nicotine levels increased by 119 and 407% in the 100 nm 

nanovaccine group without or with 1.5 mg of alum, respectively. This suggested that the 100 

nm nanovaccine had a better efficacy on retaining nicotine in serum. Remarkably, the serum 

nicotine level in the 500 nm nanovaccine with alum group was lower than that in the 

negative controls, although the nicotine antibody titer was fairly high (Figure 5).
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Figure 7B shows the nicotine contents distributed into brain. Significant reductions of brain 

nicotine levels were observed in all nanovaccine groups compared to the negative control 

group. Compared to the negative control group, brain nicotine levels were reduced by 32.0, 

56.2, 39.5, and 41.7% in the 100 nm nanovaccine, 100 nm with alum nanovaccine, 500 nm 

nanovaccine, and 500 nm with alum nanovaccine groups, respectively. Although efficacy 

was not improved in the 100 nm without alum nanovaccine versus the 500 nm without alum 

nanovaccine group, the 100 nm with alum nanovaccine group achieved 15% more brain 

nicotine reduction compared to the 500 nm with alum nanovaccine group. The 100 nm 

nanovaccine appeared to have a better PK efficacy than the 500 nm nanovaccine in the 

presence of the alum adjuvant, which was reflected by its lower mean nicotine level in the 

brain of mice.

Due to its poor anti-nicotine antibody producing activity, Nic-KLH was not used in this PK 

study. Instead, we compared the PK results of nanovaccines to that of a positive control 

using 6-CMUNic-KLH that blocked up to 80% of nicotine from entering into the brain of 

rats.12, 28 The 100 nm without alum and 500 nm without alum nanovaccine groups had 

comparable average brain nicotine levels compared to the 6-CMUNic-KLH with 0.25 mg of 

alum group. In addition, the brain nicotine level in the 100 nm with alum group, in which 

1.5 mg of alum was used, was also comparable to that in the 6-CMUNic-KLH with 1.5 mg 

of alum group. In this study, we determined the antibody titer but did not test the specificity 

of antibodies, because the PK study provided the ultimate evaluation of vaccine efficacy.

Evaluation of the safety of hybrid NP-based nicotine nanovaccines in mice

The safety of nanovaccines was investigated histopathologically. There were no lesions in 

the hearts, lungs, livers, spleens, and kidneys of mice treated with nanovaccines with or 

without alum (Figure 8A). This demonstrated that the hybrid NP-based nicotine nanovaccine 

did not cause detectable lesions to organs and thus appeared to be safe. In addition, as shown 

in Figure 8B, no changes of body weights were found during the entire study period in all of 

the mice treated with various nicotine vaccines, nor were the body weights different from the 

PBS control. These results also suggest that the nanovaccine is safe.

Discussion

Vaccines are a promising approach to treat nicotine addiction by inducing the production of 

nicotine-specific antibodies that can bind with nicotine in blood fluid and thus block it from 

entering the brain where nicotine would stimulate the central nervous system to generate 

euphoria and thereby cause nicotine addiction.8 Unfortunately, to date, all clinically tested 

hapten-protein conjugate nicotine vaccines have failed due to their poor ability to generate a 

sufficient anti-nicotine antibody titer. This failure can be attributed to their intrinsic 

shortfalls including poor recognition and internalization of nicotine by immune cells, low 

bioavailability, and fast degradation.7, 29 In this study, for the first time, we report the 

development of a lipid-polymeric hybrid NP-based nicotine vaccine. We used hybrid NPs as 

a means for efficient delivery of conjugate nicotine vaccines to address the limitations 

mentioned above and to improve the immunogenicity of the vaccine. In addition, we studied 
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the influence of particle size on the efficacy of nanovaccines and illustrated the necessity of 

controlling the particle size in maximizing the immunogenicity of the nanovaccine.

The nanovaccine studied here was designed to have multiple Nic-KLH conjugates attached 

on the surface of lipid-polymeric hybrid NPs. TEM results indicated that a core-shell hybrid 

structure was formed for hybrid NPs of both 100 and 500 nm. The hybrid structure was 

important to the immunological outcome of the nanovaccines. The particulate nature of 

PLGA NPs offers extra rigidity to liposomes, enhancing their stability and lengthening their 

circulation time.30, 31 The lipid membrane surface of hybrid NPs may also improve particle 

internalization by immune cells through membrane fusion.32 In addition, the lipid shell may 

act as a shield between the aqueous surroundings and the PLGA core, providing protection 

to PLGA NPs from hydrolytic degradation as well as contributing to long-term stability of 

the hybrid structure 33.

Due to its many advantages, such as high immunogenicity and clinically proven safety, KLH 

has been used widely as a carrier protein for vaccine development.34 In the vaccine design of 

this study, KLH functioned as a support for the nicotine hapten as well as a potent stimulator 

of T helper cells. CLSM and protein assay results demonstrated that the Nic-KLH antigen 

was attached to hybrid NPs at high conjugation and loading efficiencies. This may not only 

have supplied sufficient amounts of protein antigen to immune cells to generate enough T 

helper cells once NPs were internalized, but also provided sufficient nicotine epitopes on a 

single NP to increase the chance of B cell recognition and activation.

Zeta-potential results revealed that both 100 and 500 nm nanovaccines were positively 

charged due to the inclusion of a cationic lipid (1,2-dioleoyl-3-trimethylammonium-

propane) in the lipid formulation. Because the membranes of immune cells are composed 

largely of negatively charged phospholipids, the positive surface charge of nanovaccine NPs 

can enhance their interaction with immune cells, thereby promoting cellular uptake of the 

nanovaccine.35 All of these hybrid NP-based nanovaccine properties can potentially enhance 

the vaccine's immunogenic efficacy.

In vitro cellular uptake data revealed that the internalization of Nic-KLH conjugate antigens 

was enhanced significantly by the utilization of hybrid NPs as a delivery vehicle. This 

enhanced internalization may be caused by the increased availability of antigens for uptake 

following the conjugation of multiple Nic-KLH antigens to one NP. In addition, the optimal 

physicochemical properties mentioned above may contribute to the improved internalization 

process. Moreover, 100 nm nanovaccine particles were taken up by dendritic cells more 

efficiently than 500 nm particles. The enhanced internalization of antigens could lead to a 

stronger immune response. In agreement with the in vitro data, in vivo immunization data 

demonstrated that the use of hybrid NPs, regardless of size, could significantly enhance the 

immunogenicity of Nic-KLH conjugate vaccines.

As mentioned above, traditional conjugate nicotine vaccines that have been evaluated in 

clinical trials are ineffective due to their limited immunogenicity.7 The findings presented 

here are thus of great value in providing a novel strategy to improve the immunogenicity of 

conjugate nicotine vaccines. Both the ELISA and PK study results revealed that the 100 nm 
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nanovaccine resulted in better immunogenicity and PK efficacy than the 500 nm 

nanovaccine, especially in the presence of alum. This finding suggested another potential 

approach to improve the efficacy of NP-based nicotine vaccines. The 6-CMUNic-KLH 

conjugate vaccine, which is one of the most well-characterized and highly immunogenic 

conjugate nicotine vaccines24, was used as a positive control in this study. 6-CMUNic-KLH 

exhibited substantial potency in eliciting nicotine antibodies, resulting in excellent PK 

efficacy in preclinical studies. Previous studies showed that 6-CMUNic-KLH induced an 

anti-nicotine antibody titer up to 200,000 and blocked up to 80% of nicotine from entering 

into the brain of rats.12, 28, 36 In the current study, the 100 nm nanovaccine administered 

with alum resulted in a considerably higher anti-nicotine antibody titer and a comparable 

efficacy of reducing brain nicotine levels, compared to 6-CMUNic-KLH. The 6-CMUNic-

KLH used in this study was an optimized formulation. However, the lipid-polymeric NP-

based nicotine nanovaccines used in this study were not optimized by strategies other than 

modulating the particle size. It is very possible that the efficacy of hybrid NP-based nicotine 

vaccines would be further improved after optimization via multiple strategies, such as 

modulating the hapten density, selection of carrier proteins, and use of molecular adjuvants.

Overall, the hybrid NP-based nicotine nanovaccines used in this study were safe in mice. All 

data suggest that the lipid-polymeric NP-based nicotine vaccine is a promising candidate to 

treat nicotine addiction. The immunogenicity of conjugate nicotine vaccine can be improved 

by the use of lipid-polymeric hybrid NPs, suggesting a new strategy to enhance the efficacy 

of conjugate nicotine vaccines. The immunogenicity and PK efficacy of the hybrid NP-based 

nicotine nanovaccine can be enhanced by modulating the particle size. This approach can 

potentially be applied in the development of other drug abuse and NP-based vaccines.
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Figure 1. 
Characterization of lipid-polymeric hybrid NPs with different sizes. (A) Transmission 

electron microscopic images of poly(lactic-co-glycolic acid) (PLGA) and hybrid NPs with 

different average sizes. The red and blue arrows denote the PLGA core and lipid shell, 

respectively. The scale bars represent 1000 nm. (B) Fourier transform infrared spectra of 

PLGA NPs, liposome NPs, and lipid-polymeric hybrid NPs.
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Figure 2. 
Confocal laser scanning microscopy images of KLH-conjugated lipid-polymeric hybrid NPs. 

KLH and lipids were labeled by (A) rhodamine B (red) and (B) NBD (green), respectively. 

(C) Dual labeling is shown in yellow. The scale bars represent 10 μm.
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Figure 3. 
Flow cytometry analysis of JAWSII dendritic cells treated with the AF647-KLH conjugate 

or AF647-labeled nanovaccine NPs of different sizes for 2 h. (A), (D) and (B), (E) show the 

intensity distribution and mean intensity of AF647 fluorescence, respectively, in dendritic 

cells treated with AF647-KLH or AF647-labeled nanovaccines. (C) Recorded events show 

that more than 99% of cells were labeled for both 100 and 500 nm nanovaccine particles. 

AF647 was conjugated to KLH to form the AF647-KLH conjugate. AF647-KLH was 

associated to the surface of hybrid NPs to form fluorescent nanovaccine NPs. The blank 

group are cells that were not treated with NPs. Quantitative data are expressed as means ± 

SD.
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Figure 4. 
Confocal laser scanning microscopy images of JAWSII dendritic cells treated with (A) 100 

nm or (B) 500 nm nanovaccine NPs for 0.5, 1, and 2 h. KLH was labeled with AF647 and 

the lipid layer of NPs was labeled with NBD. The scale bars represent 20 μm.
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Figure 5. 
Time course of anti-nicotine-specific antibody formation in mice immunized with various 

nicotine vaccines. Mice (n = 8 per group) were immunized by subcutaneous injection on 

days 0, 14, and 28. In the blank group, mice were injected with phosphate-buffered saline as 

the negative control. Antibody titers were compared among groups using one-way ANOVA 

followed by Tukey's HSD test. Data are expressed as means ± SD. Significantly different 

antibody titers: *p < 0.05, **p < 0.01, ***p < 0.001. Antibody titers were significantly 

different compared to that of the previous study time point: # < 0.05, ### < 0.001.
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Figure 6. 
Distribution of IgG subclasses generated by immunization with nicotine vaccines. (A) IgG1; 

(B) IgG2a; (C) IgG2b; (D) IgG3. In the blank group, mice were injected with phosphate-

buffered saline as the negative control. Comparisons among groups were analyzed by one-

way ANOVA followed by Tukey's HSD test. Data are expressed as means ± SD. 

Significantly different compared to the Nic-KLH with alum groups: *p < 0.05, **p < 0.01, 

***p < 0.001. Significantly different: #p < 0.05, ##p < 0.01.
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Figure 7. 
Nicotine distribution in serum and brain in immunized mice. Mice were immunized with 

vaccines containing immunogens equivalent to 25 μg of Nic-KLH. For groups with alum, 

1.5 mg was used as an adjuvant. The 6-CMUNic-KLH positive control used 0.25 or 1.5 mg 

of alum. Mice in the negative control group were immunized with 25 μg of KLH carrier 

protein alone. (A) Serum and (B) brain tissues of 4 mice were collected 4 min post 

administration of 0.06 mg/kg nicotine subcutaneously on Day 41. Data are expressed as 

means ± SD. Significantly different compared to the negative control group: *p < 0.05, **p 

< 0.01. Significantly different: #p < 0.05. NS indicates the brain nicotine levels between 

groups were comparable (p>0.98).
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Figure 8. 
Evaluation of the safety of nicotine vaccines. (A) Representative histopathological images of 

tissues from mice treated nicotine vaccines. No lesions were observed in heart, kidney, liver, 

spleen, and lung tissues. (B) Body weight changes of immunized mice. Data are expressed 

as means ± SD. No significant differences were found between mice treated with different 

vaccines and those treated with phosphate-buffered saline (blank).
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