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Abstract

A series of hybrid nanoparticle-based nicotine nanovaccines (NanoNicVac) were engineered in 

this work by conjugating potent carrier protein candidates (Keyhole limpet hemocyanin (KLH) 

multimer, KLH subunit, cross-reactive material 197 (CRM197), or tetanus toxoid (TT)) for 

enhanced immunological efficacy. NanoNicVac with CRM197 or TT were processed by dendritic 

cells more efficiently than that with KLH multimer or subunit. NanoNicVac carrying CRM197 or 

TT exhibited a significantly higher immunogenicity against nicotine and a considerably lower 

immunogenicity against carrier proteins than NanoNicVac carrying KLH multimer or subunit in 

mice. The in vivo results revealed that NanoNicVac with CRM197 or TT resulted in lower levels of 

nicotine in the brain of mice after nicotine challenge. All findings suggest that an enhanced 

immunological efficacy of NanoNicVac can be achieved by using CRM197 or TT instead of KLH 

or KLH subunit as carrier proteins, making NanoNicVac a promising next-generation 

immunotherapeutic candidate against nicotine addiction.
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Tobacco smoking continues to be the leading preventable cause of disease, disability, and 

death worldwide.1 Every year in the United States alone, more than 480,000 people die from 

tobacco smoking.2 Current pharmacological medications for smoking cessation are only 

partially successful and associated with the risk of serious side effects.3 Nicotine vaccines 

that can elicit the production of nicotine-specific antibodies capable of sequestering nicotine 

in serum and reducing nicotine entering the brain have shown to be a promising approach to 

treating nicotine addiction.4–9 Several conjugate nicotine vaccines have reached various 

stages of clinical trials.10,11 Despite the prominent results in preclinical and early-stage 
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clinical trials, no conjugate nicotine vaccines have proven overall to enhance smoking 

cessation rate, mainly due to the insufficient and highly-variable antibody titers.5,12,13

In our previous work, we devised the next-generation nanoparticle-based nicotine vaccines 

to achieve improved immunogenicity over conjugate nicotine vaccines.14–17 These next-

generation nanoparticle-based nicotine nanovaccines have many unique properties, such as 

high bioavailability, enhanced recognition and uptake by immune cells, long immune 

persistence, high specificity, and ease of incorporation with adjuvants. In particular, a lipid-

polymeric hybrid nanoparticle-based nicotine nanovaccine (NanoNicVac) was demonstrated 

to result in significantly higher immunological efficacy than the conjugate nicotine vaccine.
16 In addition, we previously demonstrated that the immunogenicity of NanoNicVac could 

be improved by modulating nanoparticle size,16 hapten density,18 hapten localization,19 and 

molecular adjuvants.20 In this present work, we attempted to study the effect of another 

significant factor, carrier protein, on the immunological efficacy of NanoNicVac.

Immunologically, although T cell help is not absolutely required for anti-nicotine antibody 

production, T cell help can promote the generation of an effective humoral immune response 

against nicotine.21,22 The maturation of nicotine-specific B cells to antibody-secreting cells 

requires two pivotal T cell-dependent processes. The two processes are the formation of T 

helper cells and the interaction between T-helper cells and B cells, both of which only occur 

via presentation of peptidic antigens on the major histocompatibility complex (MHC) of 

antigen presenting cells.5,23 Basically, effective T cell help makes the humoral immune 

response against nicotine specific, intense, and long-lasting.9 Therefore, a carrier protein that 

provides peptidic antigens is a necessity for a nanoparticle-based nicotine nanovaccine.24 

Incorporation of different carrier proteins into a nanoparticle-based nicotine nanovaccine 

may cause differential effectiveness of T cell immunity, thus leading to different 

immunological efficacy.

In this study, potent carrier proteins were incorporated into NanoNicVac to boost its 

immunological efficacy. Specifically, four carrier protein candidates, including keyhole 

limpet hemocyanin (KLH) multimer,25 KLH subunit (KS),26 cross-reactive material 197 

(CRM197),27 and tetanus toxoid (TT),28 all of which have been reported to be highly-

immunogenic and widely used as carrier proteins, were conjugated to NanoNicVac to study 

the impact of carrier proteins on its immunogenicity and pharmacokinetic efficacy. 

NanoNicVac with different carrier proteins (Figure 1, A) were prepared and characterized. 

The cellular uptake and processing of NanoNicVac particles were studied in dendritic cells. 

The immunogenicity and pharmacokinetic efficacy of NanoNicVac were tested in mice.

Methods

Synthesis and characterization of Nicotine (Nic)-carrier protein conjugates

Nic-carrier protein conjugates (Nic-KLH, Nic-KS, Nic-CRM197, and Nic-TT) were 

synthesized using a 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)/ 

N-hydroxysulfosuccinimide (Sulfo-NHS)-mediated reaction.18 In brief, an appropriate 

amount of Nic-haptens was dissolved in 0.5 mL activation buffer (0.1 M 2-(N-

morpholino)ethanesulfonic acid, 0.5 M NaCl, pH 6.0). EDC and NHS (EDC: NHS: Nic-

Zhao et al. Page 2

Nanomedicine. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hapten = 10: 10: 1) were subsequently added. The mixture was incubated at room 

temperature for 30 min to activate Nic-haptens. Ten mg of carrier proteins that were 

dissolved in 3 mL of a coupling buffer (0.1 M phosphate buffer saline (PBS), pH 7.4) were 

mixed with the activated Nic-haptens. The reaction was allowed to proceed for 10 h, and 

unconjugated Nic-haptens were eliminated by dialysis. The Nic-hapten loading in Nic-

carrier protein conjugates was estimated by a 2,4,6-trinitrobenzene sulfonic acid (TNBSA)-

based method.15 In brief, carrier proteins and Nic-carrier protein conjugates were prepared 

at a concentration of 1 mg/mL. Two hundred μL of the protein solution was mixed with 200 

μL of 4% NaHCO3 solution. Two hundred μL of 0.1% TNBSA solution was added to the 

mixture and incubated at 37 °C for 1 h. Two hundred and fifty μL of 10% sodium dodecyl 

sulfate and 100 μL of 1 N HCl were added to stop the reaction, and the absorbance was read 

at 335 nm. Glycine was used as an amino standard. Carrier proteins onto which no Nic 

hapten was conjugated were used as a control. Hapten density was calculated from the 

differences between the O.D. of the control and the conjugates.

Assembly of NanoNicVac particles

NanoNicVac particles were assembled by a thiol-maleimide-mediated reaction.16 In brief, 

lipid-poly(lactic-co-glycolic acid) (PLGA) nanoparticles were fabricated according to a 

method described in Supplementary Information. An appropriate amount of Traut’s reagent 

was added to 6 mg of Nic-carrier protein conjugates that were dissolved in 2 mL of 0.01 M 

PBS. The mixture was incubated at room temperature for 1 h to form thiolated Nic-carrier 

protein conjugates. The activated conjugates were added to 75 mg of lipid-PLGA hybrid 

nanoparticles and incubated for 2 h. NanoNicVac nanoparticles were separated by 

centrifugation at 10,000 g, 4 °C for 30 min. Unconjugated Nic-carrier protein conjugates in 

the supernatants were quantified by the bicinchoninic acid assay.

In vivo study of the immunogenicity and efficacy of NanoNicVac in mice

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 Tech. Animal studies were conducted once in this study with one 

batch of vaccine formulations. Female Balb/c mice (6–7 weeks, 5–6 per group) were 

immunized with nicotine vaccines or PBS on days 0, 14, and 28. For NanoNicVac groups, 

mice were injected with 200 μL of nanovaccines (Nano-KLH-Nic, Nano-KS-Nic, Nano-

CRM197-Nic, or Nano-TT-Nic) containing 25 μg of protein antigens. For the Nic-TT 

conjugate group, mice were immunized with a mixture of Nic-TT equivalent to 25 μg of TT 

and 40 μg Alum that was dissolved in 200 μL of PBS. For the control group, mice were 

injected with 200 μL of sterilized PBS. Blood samples were collected on days 0, 12, 26, and 

40.

Titers of anti-nicotine antibody, anti-nicotine IgG subclass antibody (IgG1, IgG2a, IgG2b, 

and IgG3), and anti-carrier protein antibody in the serum were assayed by an enzyme-linked 

immunosorbent assay (ELISA) using a method reported previously.16 Antibody titer was 

defined as the dilution factor at which absorbance at 450 nm dropped to half maximal.
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The affinity and specificity of anti-nicotine antibodies induced by nicotine vaccines were 

estimated by a competition ELISA method. In brief, serum samples were diluted to a factor 

at which the absorbance at 450 nm was around 1. Inhibitors (nicotine, cotinine, nornicotine, 

nicotine-N-oxide, and acetylcholine) with concentrations of 10−2 to 10−6 M were serially 

prepared. Inhibitor samples were added to plates that were coated with Nic-BSA, and serum 

samples were subsequently added. The following steps were the same as in measuring anti-

nicotine antibody titers. Percent inhibition was calculated at each inhibitor concentration, 

and the concentration at which 50% inhibition was achieved (IC50) was determined. Pooled 

serum samples were used for specificity estimation.

The ability of nicotine nanovaccines to reduce nicotine in the brain of mice was examined 

using a method reported previously.16 Female Balb/c mice (6–7 weeks, 5–6 per group) were 

immunized as described in the previous context. On day 42, mice were dosed 0.06 mg/kg of 

nicotine subcutaneously. After 3 min, mice were sacrificed, and the brain and blood samples 

were collected. The nicotine challenge study was conducted for 3 min because: 1) this time 

is sufficient for subcutaneously administered nicotine to reach to blood; 2) within this time, 

nicotine has not been significantly metabolized to other nicotine metabolites; 3) this time 

mimics the real smoking condition in which nicotine is rapidly transported into blood after 

exposure to lungs. The nicotine levels in the brain and serum samples were measured using a 

GC/MS method as reported previously.29

Statistical analyses

Data were expressed as means ± standard error of the mean (SEM) unless otherwise 

specified. Comparisons among multiple groups were conducted with one-way ANOVA 

followed by Tukey’s HSD test. Differences were considered significant when p-values were 

less than 0.05.

Results

Morphological and physicochemical properties of NanoNicVac conjugated with different 
carrier proteins

Confocal laser scanning microscopy (CLSM) was used to characterize the structure of 

NanoNicVac nanoparticles conjugated with different carrier proteins. The PLGA core, lipid 

shell, and carrier proteins were labeled by Nile Red, 7-nitro-2–1,3-benzoxadiazol-4-yl 

(NBD), and Alexa Fluor® 350 (AF-350), respectively. The co-localization of red, green, and 

blue fluorescence on most of the particles (Figure 1, B) suggested the successful and 

efficient assembly of NanoNicVac particles. The morphology of nanoparticles was 

characterized by transmission electron microscopy (TEM). As shown in Figure 1, C, a 

“core-shell” structure was shown on lipid-polymeric (LP) hybrid nanoparticles. Upon 

conjugation of Nic-carrier protein conjugates, a dark layer, which was formed by protein 

antigens, was observed on all four NanoNicVac nanoparticles. This further verified the 

efficient conjugation of protein antigens to hybrid nanoparticle surface.

The physicochemical properties of NanoNicVac were also characterized. As shown in Figure 

1, D, all four NanoNicVac nanoparticles exhibited narrow size distributions. This narrow 
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size distribution is in concordance with the uniform size shown in the TEM images (Figure 

1, C) and the low PDI indexes (Table 1). Specifically, the average size of Nano-KLH-Nic 

(167.2 nm) and Nano-KS-Nic (153.2 nm) was slightly larger than that of Nano-CRM197-Nic 

(125.2 nm) and Nano-TT-Nic (136.6 nm) (Table 1). The four NanoNicVac nanoparticles, 

regardless of carrier proteins, were negatively charged (indicated by the negative zeta-

potentials shown in Table 1), which was probably caused by the conjugation of negatively-

charged Nic-carrier protein conjugates. The conjugation efficiency of Nic-carrier protein 

conjugates was 87.6 ± 7.9%, 83.2 ± 11.3%, 90.0 ± 7.6%, and 84.3 ± 9.4% for Nano-KLH-

Nic, Nano-KS-Nic, Nano-CRM197-Nic, and Nano-TT-Nic, respectively (Table 1). 

Meanwhile, the loading contents of Nic-haptens on NanoNicVac particles were 0.88 ± 0.07, 

0.93 ± 0.12, 0.84 ± 0.07, and 0.81 ± 0.09 μg Nic/mg nanoparticle, respectively. This 

suggested that the four NanoNicVac nanoparticles had similar hapten loading contents.

Cellular uptake and processing of NanoNicVac by dendritic cells

The uptake efficiency of NanoNicVac nanoparticles by dendritic cells were studied by flow 

cytometry. As shown in Figure 2, A, > 95.3% of the studied cells had taken up nanoparticles 

in all four NanoNicVac groups after being incubated with nanoparticles for 10 min. This 

revealed that NanoNicVac nanoparticles could be internalized by dendritic cells efficiently in 

a short period of time. As shown in Figure 2, B, indicated by the significantly increased 

mean fluorescence intensity (M. F. I.) of CM-6, NanoNicVac nanoparticles were 

continuously internalized from 10 to 90 min. However, the M. F. I. of CM-6 at 240 min was 

similar to that at 90 min, suggesting that the uptake of NanoNicVac was saturated after 90 

min. Meanwhile, all four NanoNicVac nanoparticles, regardless of carrier proteins, had a 

similar cellular uptake efficiency, as they exhibited comparable M. F. I. of CM-6 at all the 

studied time points.

The processing of carrier proteins carried by NanoNicVac was studied using CLSM (Figure 

2, C). The carrier proteins on NanoNicVac particles were labeled by Alexa Fluor® 647 

(AF647). At 10 min, the AF647 fluorescence displayed as individual dots in cells, revealing 

that the carrier proteins had not been processed. At 90 min, a substantial amount of AF647 

fluorescence was found to spread throughout the cells. This suggested that the carrier 

proteins began to be processed to small peptidic antigens. At 240 min, a substantial 

percentage of AF647 fluorescence was still observed to display as individual dots in the 

Nano-KLH-Nic and Nano-KS-Nic groups, indicating KLH and KS carrier proteins had not 

been completely processed. In contrast, less red individual dots were found in cells treated 

with Nano-CRM197-Nic and Nano-TT-Nic, suggesting that CRM197 and TT carrier proteins 

were efficiently processed to small peptidic antigens. NanoNicVac conjugated with CRM197 

or TT appeared to be processed more efficiently than that conjugated with KLH or KS.

Immunogenicity of NanoNicVac conjugated with different carrier proteins against nicotine

The immunogenicity of NanoNicVac against nicotine was tested in female Balb/c mice. As 

shown in Figure 3, A, comparable anti-nicotine antibody titers were found in all nicotine 

vaccine groups 12 days after the primary immunization (on day 12). The anti-nicotine 

antibody levels significantly increased in all vaccine groups 12 days after the first booster 

immunization (on day 26). Twelve days after the second booster immunization (on day 40), 
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the anti-nicotine antibody titers increased by 7.5 × 10,3 5.6 × 10,3 26.3 × 10,3 17.5 × 10,3 

and 4.8 × 103 in Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM197-Nic, Nano-TT-Nic, and Nic-

TT + alum groups, respectively, compared to that on day 26. The second booster 

immunization boosted antibody titers in the groups of Nano-CRM197-Nic and Nano-TT-Nic 

more significantly than in the other groups. The end-point anti-nicotine antibody titers of 

individual mice on day 40 are shown in Figure 3, B. Compared to TT-Nic + alum, Nano-TT-

Nic induced a significantly higher anti-nicotine antibody titer (p < 0.05). This suggests that 

conjugating hapten-protein conjugates to hybrid nanoparticles would enhance the 

immunogenicity of the conjugate nicotine vaccine. The titers of Nano-CRM197-Nic and 

Nano-TT-Nic were comparable (p > 0.91), and were significantly higher than that of Nano-

KLH-Nic and Nano-KS-Nic (p < 0.05). These indicate NanoNicVac conjugated with 

CRM197 or TT had an enhanced immunogenicity against nicotine when compared to 

NanoNicVac carrying KLH or KS.

Subclass distribution of anti-nicotine IgG antibodies elicited by NanoNicVac

The titers of anti-nicotine IgG subclass antibodies on day 40 were assayed and presented in 

Figure 3, C. For all vaccine groups, IgG1 and IgG3 were the most and least dominant 

subtype, respectively. Compared to Nic-TT conjugate vaccine, Nano-TT-Nic resulted in 

higher titers of all four IgG subtypes, especially IgG1 and IgG2a, which are consistent with 

our previous report.16 Nano-CRM197-Nic and Nano-TT-Nic induced higher levels of IgG1, 

IgG2a, and IgG3 than Nano-KLH-Nic and Nano-KS-Nic. Specifically, Nano-CRM197-Nic 

generated the highest IgG1 titer among the four NanoNicVac vaccines. The IgG1 titer of 

Nano-CRM197-Nic was significantly higher than that of Nano-KLH-Nic and Nano-KS-Nic 

(p < 0.01). Nano-TT-Nic induced the highest IgG2a titer among the four NanoNicVac 

vaccines, and the IgG2a titer of Nano-TT-Nic was significantly higher than that of Nano-

KLH-Nic and Nano-KS-Nic (p < 0.05). Interestingly, although the overall IgG titer of Nano-

KLH-Nic is slightly higher than that of Nano-KS-Nic (Figure 3, B), Nano-KLH-Nic had a 

higher IgG1 titer but lower IgG2a and IgG2b titers compared to Nano-KS-Nic. The Th1/Th2 

indexes were 0.044, 0.192, 0.075, 0.239, and 0.142 for Nano-KLH-Nic, Nano-KS-Nic, 

Nano-CRM197-Nic, Nano-TT-Nic, and Nic-TT + alum, respectively. All the values were 

considerably less than 1, indicating that the immune responses induced by all nicotine 

vaccines were skewed toward Th2 (humoral response).

Anti-carrier protein antibody levels induced by NanoNicVac carrying different carrier 
proteins

Anti-carrier protein antibody titers were assayed and shown in Figure 4. Similar to anti-

nicotine antibody titers, the anti-carrier protein antibody titers increased after each injection. 

On day 12, the anti-carrier protein antibody titers were (1.8 ± 0.1) × 10,3 (1.9 ± 0.2) × 10,3 

(0.5 ± 0.1) italic 10,3 (1.9 ± 0.1) × 10,3 and (3.3 ± 0.1) × 10,3 for Nano-KLH-Nic, Nano-KS-

Nic, Nano-CRM197-Nic, Nano-TT-Nic, and Nic-TT + alum, respectively. On day 26, the 

titers increased to (35.3 ± 2.2) × 10,3 (35.2 ± 2.5) × 10,3 (16.0 ± 6.0) × 10,3 (23.5 ± 12.8) × 

10,3 and (42.2 ± 4.2) × 10,3 respectively. On day 40, the titers further increased to (46.2 ± 

1.8) × 10,3 (50.9 ± 4.6) × 10,3 (27.5 ± 2.9) × 103, (36.6 ± 2.5) × 10,3 and (51.4 ± 4.0) × 10,3 

respectively. On all the studied days, Nano-TT-Nic induced significantly lower anti-carrier 

protein antibody titers compared to Nic-TT + alum (p < 0.05). Among the four NanoNicVac 
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carrying different carrier proteins, Nano-CRM197-Nic and Nano-TT-Nic elicited 

considerably lower anti-carrier protein antibody levels than Nano-KLH-Nic and Nano-KS-

Nic, especially on days 26 and 40.

Affinity of anti-nicotine antibodies generated by NanoNicVac

The affinity of anti-nicotine antibodies elicited by NanoNicVac carrying different carrier 

proteins was estimated by competition ELISA on days 12, 26, and 40 (Figure 5). The 

affinity of antibodies increased after each immunization in all nicotine vaccine groups, 

except the Nano-KLH-Nic group, in which the antibody affinity slightly decreased after the 

second booster immunization. On day 40, the IC50 of nicotine was 96 ± 35, 137 ± 92, 167 ± 

78, 212 ± 103, and 277 ± 199 μM for Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM197-Nic, 

Nano-TT-Nic, and Nic-TT + alum, respectively. The antibodies induced by Nano-TT-Nic 

had a comparable affinity to that elicited by Nic-TT + alum (p > 0.99). Nano-KLH-Nic 

resulted in the highest average antibody affinity, but the differences among the four 

NanoNicVac were not significant (p > 0.92). Interestingly, the maturation of anti-nicotine 

antibody affinity exhibited different patterns in the four NanoNicVac groups. Specifically, 

the maturation of antibody affinity in the Nano-KLH-Nic and Nano-KS-Nic groups was 

significantly completed after the first booster immunization, and the second booster 

immunization did not remarkably enhance the antibody affinity. In contrast, the anti-nicotine 

antibody affinity gradually matured in the Nano-CRM197-Nic and Nano-TT-Nic groups. 

Both the first and second booster immunizations remarkably promoted the affinity 

maturation.

Specificity of anti-nicotine antibodies elicited by NanoNicVac

The specificity of anti-nicotine antibodies on day 40 was assayed by competition ELISA. 

The dose-dependent inhibitions of nicotine binding by nicotine metabolites (cotinine, 

nornicotine, and nicotine-N-oxide) and endogenous nicotine receptor ligand (acetylcholine) 

are shown in Figure 6. As shown in Figure 6, A–E, in all nicotine vaccine groups, anti-

nicotine antibodies had the highest relative affinity to nicotine. A somewhat lower affinity 

was detected to the inactive nicotine metabolite (cotinine) and active but minor nicotine 

metabolite (nornicotine) in all nicotine vaccine groups. Specifically, the cross-reactivity 

between nicotine and cotinine was less than 2%, and that between nicotine and nornicotine 

was less than 7%, in all groups (Figure 6, F). Meanwhile, antibodies elicited by all nicotine 

vaccines had little affinity for the inactive nicotine metabolite (nicotine-N-oxide) and 

endogenous nicotine receptor ligand (acetylcholine). The cross-reactivity between nicotine 

and nicotine-N-oxide/acetylcholine was less than 1% in all groups (Figure 6, F). The anti-

nicotine antibodies generated by NanoNicVac, regardless of carrier proteins, exhibited high 

specificity for nicotine.

Pharmacokinetic efficacy of NanoNicVac conjugated with different carrier proteins

The ability of NanoNicVac to retain nicotine in serum and reduce nicotine in the brain of 

mice was evaluated. Figure 7, A shows the serum nicotine levels of mice 3 min after being 

challenged with 0.06 mg/kg nicotine subcutaneously. More nicotine was retained in serum 

after immunization with NanoNicVac, regardless of the carrier proteins used. Nano-

CRM197-Nic and Nano-TT-Nic exhibited considerably better abilities for sequestering 
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nicotine in the serum of mice than Nano-KLH-Nic and Nano-KS-Nic. The brain nicotine 

levels of mice after being challenged with nicotine are shown in Figure 7, B. All 

NanoNicVac groups, regardless of the carrier proteins used, had significantly lower brain 

nicotine concentrations than the PBS-treated group (p < 0.001). Specifically, the brain 

nicotine levels were lowered by 48.5%, 45.9%, 65.2%, and 63.1% after treatment with 

Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM197-Nic, and Nano-TT-Nic groups, compared to 

nicotine levels in the PBS-treated group. Nano-CRM197-Nic and Nano-TT-Nic had a 

significantly better capability for reducing nicotine in the brain of mice than Nano-KS-Nic 

(p < 0.05). Meanwhile, Nano-CRM197-Nic and Nano-TT-Nic also exhibited a considerably 

better ability in reducing the brain nicotine concentrations than Nano-KLH-Nic. Overall, 

NanoNicVac conjugated with CRM197 or TT had an enhanced efficacy in sequestering 

nicotine in serum and reducing nicotine levels in the brain than NanoNicVac conjugated with 

KLH or KS.

Discussion

Conventional hapten-protein conjugate nicotine vaccines tested in human clinical trials have 

not proven to enhance overall smoking cessation rate so far.5,10,11 In our previous work, we 

suggested a novel strategy to improve the immunological efficacy of conjugate nicotine 

vaccines by using biodegradable lipid-polymeric hybrid nanoparticles as delivery vehicles.
16,17 The hybrid nanoparticle-based nicotine nanovaccine (NanoNicVac) was demonstrated 

to have a significantly higher immunogenicity than the conjugate nicotine vaccine. In 

addition, we proved that the immunogenicity of NanoNicVac could be enhanced by 

modulating the particle size,16 hapten density,18 and hapten localization.19 In this study, we 

developed a series of NanoNicVac in which various potent carrier proteins were conjugated, 

and systemically studied their physicochemical properties, cellular uptake and processing by 

immune cells, immunogenicity, and pharmacokinetic efficacy. We demonstrated in this 

current work that enhanced immunological efficacy could be achieved by using CRM197 or 

TT instead of KLH or KLH subunit as carrier proteins, making NanoNicVac be a promising 

next-generation nanoparticle-based immunotherapeutic against nicotine addiction.

The ELISA results demonstrated that NanoNicVac conjugated with TT (Nano-TT-Nic) 

exhibited a significantly higher immunogenicity against nicotine over Nic-TT even in the 

absence of alum adjuvant. This result is in agreement with our previous report that Nano-

KLH-Nic was more immunogenic against nicotine than the Nic-KLH conjugate.16 Also, the 

result strengthened our hypothesis that the use of hybrid nanoparticles as delivery vehicles 

improves the immunogenicity of conjugate nicotine vaccines. The higher immunogenicity of 

Nano-TT-Nic over Nic-TT may be attributed to the better recognition and internalization by 

immune cells. The conjugation of multiple TT-Nic to one hybrid nanoparticle may increase 

the availability of antigens for uptake, thus contributing to an enhanced antigen 

internalization. Meanwhile, the immune system prefers to recognize and take up particulate 

pathogens (such as bacteria and virus) and is relatively invisible to small soluble protein 

antigens.30–32 The stable and spherical lipid-polymeric hybrid nanoparticles33–38 endowed 

Nano-TT-Nic with a particulate property that mimics that of particulate pathogens. This 

particulate nature together with the optimal particle size (~100 nm) is beneficial for 

improved recognition and uptake by immune cells.16,39
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Efficient uptake and processing of NanoNicVac by antigen presenting cells (such as 

dendritic cells and macrophages) are prerequisites for the generation of a potent immune 

response.5,40,41 The in vitro data demonstrated that NanoNicVac conjugated with different 

carrier proteins were similarly taken up but differently processed by dendritic cells. All 

NanoNicVac developed in this study, regardless of the carrier proteins used, were found to 

be internalized rapidly and efficiently. The rapid and efficient internalization of vaccine 

particles may provide sufficient amounts of antigens for processing, and thus contributes to 

the generation of a quick immune response. The CLSM data suggested that Nano-CRM197-

Nic and Nano-TT-Nic, especially Nano-CRM197-Nic, were processed more efficiently than 

Nano-KLH-Nic and Nano-KS-Nic. This higher effectiveness of antigen processing may be 

attributed to the smaller size and lower structural complexity of CRM197 and TT as carrier 

proteins. KS has a molecular weight of ~400 kDa, and KLH multimer is an assembled form 

of multiple KS.42 Both of them have a relatively high structural complexity due to the large 

size. In contrast, CRM197 and TT have a molecular weight of ~150 kDa and ~59 kDa, 

respectively. The relatively small size makes them have a relatively low structural 

complexity.43,44 Immunologically, the generation of an effective humoral immune response 

requires two T cell-dependent processes, the formation of T helper cells and the interaction 

between B cells and T-helper cells, both of which only occur via the presentation of peptidic 

antigens on MHC of antigen presenting cells.23,45 Thus, the efficient processing of protein 

antigens to peptidic antigens may enhance the T cell-dependent processes, subsequently 

leading to a potent humoral immune response.

The immunogenicity data demonstrated that Nano-CRM197-Nic and Nano-TT-Nic could 

induce significantly higher anti-nicotine antibody titers and considerably lower anti-carrier 

protein antibody titers than Nano-KLH-Nic and Nano-KS-Nic. The lower antibody titers 

against carrier proteins induced by Nano-CRM197-Nic and Nano-TT-Nic may be caused by 

the relatively smaller size of CRM197 and TT. Compared with larger KS and KLH multimer, 

smaller CRM197 and TT had fewer immunogenic epitopes available for B cells, thus 

producing fewer anti-carrier protein antibodies. A lower anti-carrier protein antibody level is 

desirable in nicotine vaccine design, as the anti-carrier protein antibodies may neutralize the 

vaccine particles that are injected during booster immunizations. This neutralization may 

cause wastages and impair the efficacy of nicotine vaccines.17,46 Noticeably, the levels of 

anti-nicotine antibodies induced by NanoNicVac were in concordance with the effectiveness 

of antigen processing by dendritic cells. As discussed in the earlier context, the efficient 

processing of protein antigens that were carried by Nano-CRM197-Nic and Nano-TT-Nic 

would result in a potent T-cell immunity and contribute to an enhanced immunogenicity 

against nicotine. Interestingly, the second booster immunization boosted the anti-nicotine 

antibody titers in Nano-CRM197-TT and Nano-TT-Nic groups more remarkably than in 

Nano-KLH-Nic and Nano-KS-Nic groups. Although we do not have direct evidences to 

show the mechanism, the following may explain the finding. On one hand, the higher 

effectiveness of Nano-CRM197-Nic and Nano-TT-Nic in generating a T-cell immunity may 

enhance the humoral immune response, resulting in more anti-nicotine antibodies to be 

generated. On the other hand, Nano-CRM197-Nic and Nano-TT-Nic had lower anti-carrier 

protein antibody titers than Nano-KLH-Nic and Nano-KS-Nic after the first booster 

immunization. The lower anti-carrier protein antibody levels may neutralize fewer vaccine 
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particles administered in the second booster immunization, and thus leave more vaccine 

particles available for inducing the production of anti-nicotine antibodies. In agreement with 

the data of anti-nicotine antibody titer, affinity, and specificity, the pharmacokinetic data 

showed that NanoNicVac conjugated with CRM197 or TT exhibited better capability to 

sequester nicotine in serum and reduce nicotine entering the brain than NanoNicVac 

conjugated with KLH or KS. It should be noted that the difference in immunological 

efficacy among NanoNicVac conjugated with different carrier proteins may also result from 

differential levels of antigen presentation, variable proteolytic susceptibility of different 

carrier proteins and a host of other facts in vivo. The exact mechanism needs to be further 

illustrated in future study.

In summary, a series of hybrid nanoparticle-based nicotine nanovaccines (NanoNicVac) 

were developed in this study by conjugating potent carrier proteins (KLH, KS, CRM197, and 

TT) to the nanoparticle surface. Although all four NanoNicVac were taken up by dendritic 

cells efficiently, NanoNicVac conjugated with CRM197 or TT were processed more 

efficiently than that conjugated with KLH or KS. In addition, compared to NanoNicVac 

carrying KLH or KS, NanoNicVac conjugated with CRM197 or TT induced remarkably 

higher anti-nicotine antibody titers and considerably lower anti-carrier protein antibody 

levels. Meanwhile, the anti-nicotine antibodies induced by all four NanoNicVac, regardless 

of the carrier proteins used, exhibited high affinity and specificity to nicotine. Also, 

NanoNicVac conjugated with CRM197 or TT had better capability to reduce nicotine in the 

brain of mice than NanoNicVac conjugated with KLH or KS. This study illustrated the 

necessity of selecting potent carrier proteins in maximizing the immunological efficacy of 

nicotine nanovaccine. The findings can potentially be applied in the development of other 

drug abuse and nanoparticle-based vaccines. Furthermore, NanoNicVac with boosted 

immunological efficacy could be a promising candidate for treating nicotine addiction.
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Figure 1. 
Synthesis and characterization of NanoNicVac. (A) Schematic illustration of NanoNicVac 

carrying different carrier proteins. (B) CLSM images showing the co-localization of TT 

carrier protein, lipid shell, and PLGA core, which were labeled by AF-350, NBD, and Nile 

Red, respectively. Scale bars represent 10 μm. (C) TEM images showing the morphological 

characteristics of NanoNicVac nanoparticles. (D) Dynamic size distribution of NanoNicVac 

nanoparticles.
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Figure 2. 
Cellular uptake and processing of NanoNicVac conjugated with different carrier proteins. 

(A) Intensity distribution and (B) M.F.I. of CM-6 fluorescence in cells treated with CM-6 

labeled NanoNicVac nanoparticles for 10, 90, or 240 min. Blank represents non-treated 

cells. The numbers shown in (A) denote the percentage of CM-6 positive cells that had taken 

up nanoparticles after incubation for 10 min. (C) Processing of protein antigens carried by 

NanoNicVac particles. Protein antigens on NanoNicVac particles were labeled by AF647. 

Cells were treated with NanoNicVac particles for 10 or 90 min. The medium containing 

particles were replaced with fresh medium at 90 min, and cells were continuously incubated 

until 240 min.
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Figure 3. 
Immunogenicity of NanoNicVac conjugated with different carrier proteins against nicotine. 

(A) Time-course of the anti-nicotine antibody titers induced by NanoNicVac. Bars are shown 

as means ± standard deviation. (B) End-point anti-nicotine antibody titers of individual mice 

on day 40. (C) Titers of anti-nicotine IgG subclass antibodies and Th1/Th2 indexes induced 

by NanoNicVac on day 40. Significantly different: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. 
Time-course of anti-carrier protein antibody titers induced by NanoNicVac with different 

carrier proteins. Significantly different: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. 
Affinity of anti-nicotine antibodies induced by nicotine vaccines estimated by competition 

ELISA. N.S. indicates no significant differences were found among groups (p > 0.55). 

Significantly different compared to the previous studied day: * p < 0.05. Significantly 

different compared to day 12: # p < 0.05, ## p < 0.01.
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Figure 6. 
Specificity of anti-nicotine antibodies induced by NanoNicVac conjugated with different 

carrier proteins. Dose-dependent inhibitions of nicotine binding by various inhibitors in 

groups of (A) Nano-KLH-Nic, (B) Nano-KS-Nic, (C) Nano-CRM197-Nic, (D) Nano-TT-

Nic, and (E) Nic-TT + alum were estimated by competition ELISA. (F) Percent ligand 

cross-reactivity defined as (IC50 of nicotine/IC50 of inhibitors).
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Figure 7. 
Pharmacokinetic efficacy of NanoNicVac conjugated with different carrier proteins. The 

nicotine levels in the serum and brain of mice were analyzed 3 min after challenging the 

mice with 0.06 mg/kg nicotine subcutaneously. Significantly different compared to the PBS-

treated group: ## p < 0.01, ### p < 0.001. Significantly different: * p < 0.05, ** p < 0.01.
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