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Introduction: In this study, we have investigated the immunogenicity and protective efficacy 

of a niosomal formulation encapsulating protective antigen (PA) and PA domain 4 (D4) of 

Bacillus anthracis. 

Methods: Nonionic surfactant–based vesicles (NISV) + PA and NISV + D4 were prepared 

from span-60 and cholesterol by reverse-phase evaporation method and were evaluated for 

in vitro characteristics and immunological studies. 

Results: Particle characterization using transmission electron microscopy and atomic force micros-

copy analysis showed that the niosomal formulation was spherical in shape. The entrapment efficiency 

values were calculated to be 58.5% and 44.75% for PA and D4, respectively. Confocal microscopy 

and flow cytometry studies showed an enhanced uptake of antigen in THP1 macrophages by niosome 

as compared to antigen only. An in vitro release assay showed a burst release of antigen from niosome 

within 24 hours followed by a gradual release for 144 hours. Immunological studies showed that 

both PA- and D4-encapsulated niosome elicited a robust IgG titer. Antibody isotyping and cytokine 

profile showed that NISV + PA and NISV + D4 enhanced both Th1 and Th2 responses in mice, 

suggesting a mixed Th1/Th2 response. Both NISV + PA and NISV + D4 elicited high levels of anti-

inflammatory cytokine interleukin-10 with low levels of pro-inflammatory cytokine tumor necrosis 

factor-α, suggesting the anti-inflammatory property of niosome. Both the niosomal formulations 

were also able to confer protection against BA infection as compared to only PA and D4. 

Conclusion: PA and D4 encapsulated NISV formulation could modulate both the Th1 and Th2 

adaptive immune system and was found to be a better prophylactic against anthrax.
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Introduction
Bacillus anthracis (BA), the causative agent of anthrax, is a Gram-positive, rod-shaped, 

facultative anaerobic, and spore-forming bacterium. The ease of production and 

weaponization of BA spores make it apt to be used as a bioterror agent.1 The 

in vivo growth rate of BA being logarithmic makes its early detection nearly futile. 

A prolonged antibiotic treatment for at least 60 days is needed to prevent the disease.2

The pathogenesis of BA is attributed to a tripartite exotoxin–protein complex and 

an antiphagocytic poly-γ-d-glutamic acid capsule. The exotoxin component comprises 

protective antigen (PA), edema factor (EF), and lethal factor (LF). PA is the major 

immunogen in all the approved vaccines and elicits neutralizing antibodies against 

anthrax.3 PA comprises four domains. Domain 1 consists of the site for furin cleavage. 

Domains 2 and 3 are involved in heptamerization and pore formation for the transloca-

tion of LF and/or EF into the cytosol. Domain 4 (D4) is involved in binding of PA to 
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macrophage cell receptors and has been reported to be the 

most immunodominant region.4 EF and LF bind to PA to 

form edema toxin and lethal toxin, respectively. On being 

secreted by BA during infection, PA (83 kDa) binds to the host 

cellular receptors TEM8 and CMG2,5,6 which results in the 

clipping-off of a 20-kDa region from the C-terminus of PA. 

The resulting PA
63

 moiety forms an LF-/EF-binding heptamer/

octamer.7–11 The PA
63

 LF and/or EF complex is then internal-

ized via a receptor-mediated endocytic mechanism.12 Acidic 

pH inside the endosome induces a change in the structure of 

PA
63

 prepore to a protein-conducting channel through which 

LF and EF are translocated inside the cells where they exert 

their deleterious effects. LF is a zinc metalloprotease.13 Lethal 

toxin evades the immune system by impairing dendritic cells 

and causes vascular leakage, hypoxia, and septic shock.14–16 EF 

is a calcium- and calmodulin-dependent adenylyl cyclase17 and 

converts adenosine triphosphate to cyclic adenosine mono-

phosphate. Edema toxin increases the host cell susceptibility 

by suppressing polymorphonuclear neutrophil function.

Currently available prophylactic approach involves 

vaccination with alhydrogel-adsorbed cell-free culture filtrate 

of BA V770-NP1-R strain (anthrax vaccine adsorbed) and 

alum-precipitated culture supernatant of BA Sterne strain 

(anthrax vaccine precipitated). However, these currently 

licensed human vaccines suffer from certain drawbacks such 

as requirement of multiple booster doses over a prolonged 

period; severe side effects such as edema, fatigue, headache, 

myalgia, nasopharyngitis, and erythema at injection site; 

and elicitation of heterogeneous immune response among 

immunized population, which raised the requirement for 

a safer vaccine as well as provided a prolonged immunity 

against the disease.

Rehm and Schueler in 2005 had stated that nanotech-

nology is expected to revolutionize or at least bring a signifi-

cant change in the pharma sector and life sciences.45 With the 

advent of nanotechnology, nanoscale vaccine formulations 

such as liposomes, virus-like particles, immune-stimulating 

complexes, and biodegradable polymers have received 

attention in the past decade. The conjugation of antigenic 

materials with these nanoparticles (NPs) has allowed the 

presentation of the immunogen in much the same way as 

would have been presented by the pathogen. By encapsulating 

antigenic material, NPs provide site-directed delivery of 

antigens along with increasing release time of the antigen. 

They also provide a method for delivering antigens which 

may otherwise degrade readily upon injection. With advances 

in nanotechnology, NPs with modified size, shape, targeted 

delivery, and surface properties have been designed for both 

therapeutic and prophylactic purposes. Due to the similarity 

of the size of the NPs with cellular components, they can enter 

the cells easily using cellular endocytosis mechanism.

Since the first liposome colloidal system was prepared in 

1964 by Alec D Bangham,18 tremendous progress has been made 

in the area for site-specific drug/protein delivery. Liposomes 

have been extensively explored due to their versatile ability 

to entrap both lipophilic and hydrophilic drugs. However, in 

dispersions, liposomes tend to undergo hydrolytic degradation, 

sedimentation, aggregation, or fusion during storage.19,20 These 

problems were addressed by Baillie et al21 and Uchegbu and 

Florence22 where they demonstrated the formation of liposome-

like vesicles from a hydrated mixture of cholesterol and 

nonionic surfactant such as mono- or dialkylpolyoxyethylene 

ether. Niosomes or nonionic surfactant–based vesicles (NISVs) 

are self-assembling lamellar vesicles prepared from nonionic 

amphiphiles with/without cholesterol as an additive in aqueous 

media. These vesicular systems are similar to liposome; are 

biodegradable, biocompatible, and nonimmunogenic; and are 

capable of encapsulating and delivering bioactive compounds 

such as anticancer drugs, genes, and antigens with a wide range 

of solubility. Niosomes have been prepared from different 

classes of nonionic surfactants such as polyoxyethylene alkyl 

ethers (Brij®), sorbitan monoesters (span 20, 40, 60, and 80), 

and polyoxyethylene sorbitan monoesters (Tween 20, 60, 

and 80).23 Although the structure and properties of niosomes 

are similar to those of liposomes, their chemical stability and 

relatively low cost of raw materials make them more interest-

ing for industrial manufacturers. In a study by Brewer and 

Alexander,24 bovine serum albumin (BSA) encapsulated within 

NISV was shown to be potent stimulators of Th1-mediated 

response than Freund’s complete adjuvant. Here, we have stud-

ied the immune response generated by noisome-encapsulated 

PA and D4, the stable immunogenic domain of PA in Swiss 

albino mice. Anthrax spore challenge was carried out to check 

the protective efficacy of the niosome-encapsulated antigen 

formulations against the disease.

Materials and methods
Materials
Sterile deionized water was used in making all buffers. 

Dimethyl sulfoxide (DMSO), ammonium chloride, span-60, 

cholesterol, lipopolysaccharide (LPS), sodium bicarbonate, 

sodium phosphate monobasic, and sodium phosphate diba-

sic were purchased from Sigma-Aldrich Co. (St Louis, MO, 

USA). L-glutamine, urea, and sodium chloride (NaCl) were 

purchased from Amresco (Solon, OH, USA). Isopropyl β-D-

thiogalactopyranoside (IPTG) was purchased from HiMedia 

(Mumbai, India). HEPES, streptomycin, and ampicillin were 

purchased from USB (Cleveland, OH, USA), and chloroform 
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was purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). Fluorescein isothiocyanate (FITC) was purchased from 

MP Biomedicals (Solon, OH, USA). Nickel-nitrilotriacetic 

acid was purchased from Qiagen (Hilden, Germany). Brad-

ford reagent was purchased from Bio-Rad Laboratories Inc. 

(Hercules, CA, USA). Tissue culture plate and micro-bicin-

choninic acid (BCA) assay kit were purchased from Thermo 

Fisher Scientific. Fetal bovine serum (FBS) was purchased from 

Gibco® (Thermo Fisher Scientific). Horseradish peroxidase 

(HRP)-conjugated anti-mouse IgG, IgG1, and IgG2a were pur-

chased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). 

3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was purchased 

from BD Biosciences Pharmingen (San Diego, CA, USA).

Purification of PA and D4
PA and D4 were purified as described by Manish et al.25 

Briefly, PA/D4 expression plasmid-transformed Escherichia 

coli cells were grown to OD
600nm

 of 0.8 at 37°C before induc-

ing with 1 mM IPTG and allowed to grow in an incubator 

shaker for 6 hours. The cells were then harvested at 6,000 rpm 

for 10 minutes. The bacterial cell pellet was lysed and solu-

bilized using denaturing lysis buffer (8 M urea, 0.1 M phos-

phate buffer [PB], pH 7.4, 250 mM NaCl) on a rotary shaker 

for 2 hours at room temperature (RT). The insoluble fraction 

of cell lysate was removed by centrifugation at 13,000 rpm 

for 30 minutes at RT. The supernatant was incubated with 

Nickel-nitrilotriacetic acid slurry for 2 hours. This mix was 

transferred to a propylene tube column- and slurry-bound PA/

D4 was renatured by passing a gradient of urea solution of 8 

M to 0 M (0.1 M PB, pH 7.4, 250 mM NaCl). The steps after 

4 M urea gradient were carried out at 4°C. The column was 

washed with 10 bed volume of 10 mM, 20 mM, and 30 mM 

imidazole and 250 mM NaCl containing 0.1 M PB (pH 7.4). 

The column-bound protein was eluted using 300 mM imida-

zole containing 250 mM NaCl and 0.1 M PB. Protein content 

was quantified using Bradford reagent (Bio-Rad).

Preparation of niosome
PA- and D4-loaded niosomes were prepared by the reverse-

phase evaporation method as described by Moghassemi 

et al.26 Briefly, 5.5 mg span-60 and 7.4 mg cholesterol were 

dissolved in 5 mL chloroform in a round-bottom flask. Sub-

sequently, 1 mL PA/D4 (2 mg/mL) in 0.1 M PB (pH 7.4) 

was added to the flask and vortexed for 60 seconds. The 

mixture was then emulsified by sonicating in a water bath 

sonicator for 5 minutes with on/off pulse. The organic phase 

was evaporated in a rotary evaporator at 60 rpm at RT. The 

resulting thin film was resuspended in PBS. Unentrapped 

protein was separated by ultracentrifugation.

Characterization of niosome
The morphology of niosome was visualized by atomic force 

microscopy (AFM; Alpha300 RA; WITec, Ulm, Germany) 

and transmission electron microscopy (TEM; JEOL 2100F; 

Tokyo, Japan). The sizes of the NPs were measured by 

dynamic light scattering (DLS). Zeta potential was measured 

to evaluate the surface charge on the particles. Samples 

were diluted in double-distilled water for both DLS and 

zeta sizer and were analyzed in Malvern Zetasizer ZS 90 

(Malvern Instruments, Malvern, UK). For TEM analysis, 

the samples were diluted in double-distilled water, loaded 

on copper grid, and kept under vacuum for drying. After dry-

ing, the samples were analyzed under JEOL 2100F. For the 

AFM analysis, the samples were diluted in double-distilled 

water, and 5 µL of the sample was loaded onto a mica sheet 

and dried. The samples were analyzed in WITEC ALPHA 

300RA. The resonant frequency of the tip was 80 kHz with 

a spring constant of 40 N/m, and imaging was performed in 

air by tapping mode. The analysis of topography data was 

performed by Project 4 software.

Entrapment efficiency
In order to determine the entrapment efficiency, unencap-

sulated protein from the niosome formulation was removed 

by ultracentrifugation. The obtained pellet fraction was 

treated with 1% sodium dodecyl sulfate (SDS) and centri-

fuged at 13,000 rpm. The encapsulated protein was quanti-

fied by micro-BCA assay kit. Protein concentration was 

determined from the standard curve of BSA in 1% SDS. 

In order to get a qualitative view of the encapsulated protein, 

the 1% SDS-treated niosome sample was visualized by 

SDS–polyacrylamide gel electrophoresis (PAGE) analysis.

In vitro release study
Unencapsulated PA/D4 was separated from niosomal 

formulation by ultracentrifugation. The obtained pellet was 

resuspended in 0.1 M PB (pH 7.4). The samples were incu-

bated at 37°C with gentle shaking; 1 mL sample was drawn 

at an interval of 1, 2, 6, 12, 24, 48, 72, 96, 120, and 144 hours 

and centrifuged, and the supernatant collected to be estimated 

for protein content. The amount of collected supernatant was 

made up by adding 1× PBS. The amount of protein released 

was measured by micro-BCA method.

FITC labeling of protein
Briefly, 5 mg/mL D4 in carbonate buffer was mixed with 

1 mg/mL FITC in DMSO and incubated for 4 hours at RT. 

FITC-bound D4 was eluted by 1× PBS using G-25 

Sepharose® beads and used for encapsulation into niosome.
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Cell culture
Human monocytic cell line THP1 was purchased from National 

Center for Cell Science, Pune, India, and cultured in Roswell 

Park Memorial Institute (RPMI)-1640 media supplemented 

with 10% FBS. L-glutamine (2 mM), HEPES (20 mM), 

penicillin (100 units/mL), streptomycin (100 µg/mL), and 

sodium bicarbonate (2 g/L) at 5% CO
2
 and 95% humidified 

environment. Prior to the experiment, the monocytes were 

differentiated using phorbol myristate acetate (PMA) at a 

concentration of 20 ng/mL.

In vitro uptake study
Confocal microscopy
The in vitro cellular uptake of niosome was observed in THP1 

cell line. Briefly, 1×106 cells/mL were seeded on coverslips 

in a six-well plate and differentiated using PMA. The cells 

were maintained at 5% CO
2
 and 37°C and in a humidified 

atmosphere. After 48 hours, media were replaced with fresh 

incomplete media, and niosome-encapsulated FITC–D4 was 

added to the cells and incubated for 30 minutes in a CO
2
 

incubator. Media were aspirated, and the cells were washed 

thoroughly with 1× PBS three times, fixed with 4% formal-

dehyde, and washed three times with 1× PBS. The uptake of 

niosome-encapsulated FITC-D4 was analyzed under confocal 

microscopy, and 4′,6-diamidino-2-phenylindole was used for 

nuclear staining.

Flow cytometry
Flow cytometry was performed in order to get a quantitative 

measurement of the in vitro uptake of the NPs by THP1 cells. 

Briefly, 1×106 THP1 cells/mL were seeded in a Petri plate, and 

PMA was added for differentiation. The cells were maintained 

at 5% CO
2
 and 37°C and in a humidified atmosphere. After 

48 hours, media were replaced with fresh incomplete media and 

incubated with niosome-encapsulated FITC-D4 or FITC-D4 

alone for the predetermined period. The culture media were 

removed, and the cells were washed three times with precooled 

PBS and then resuspended in 0.5 mL PBS. Experiments were 

carried out in Beckman Coulter MoFlo cytomation (Brea, CA, 

USA). For each analysis, 15,000 events were collected. The 

cells with no treatment were taken as control.

In vivo studies
Female Swiss albino mice (4–6 weeks old) were used for 

in vivo studies. Each group consisted of five mice each. Mice 

were injected with PBS, NISV only, PA, D4, NISV + PA, 

and NISV + D4. Subsequent boosters were given on Days 

15 and 29 with PBS, NISV only, PA, D4, NISV + PA, and 

NISV + D4. Blood samples were collected on Days 0, 14, 

28, and 42 via retro-orbital route. Plasma was separated by 

centrifugation and stored at -20°C for further use. The animal 

experiments were approved by Central Laboratory Animal 

Resources, Jawaharlal Nehru University.

Antibody titer determination
Evaluation of IgG response
Antibody end point titer was measured using indirect enzyme-

linked immunosorbent assay (ELISA). The absorbance of 

pre-immune sera at 1:1,000 dilution plus 2.5 times its SD 

was taken as the cutoff. Briefly, a 96-well, flat-bottomed 

polystyrene plate (Thermo Fisher Scientific) was coated 

with 500 ng of PA/D4 and allowed to incubate overnight in 

a humidified atmosphere at 4°C. Protein was aspirated, and 

the plate washed with 1× PBS 0.1% Tween 20 (PBST) three 

times. Wells were then blocked with 2% BSA in 1× PBS and 

incubated at 37°C for 1 hour. The plate was then washed three 

times with 1× PBST. Individual serum samples were serially 

diluted twofold in PBS, added to the wells in triplicates, and 

incubated at 37°C for 2 hours. After aspiration, the plate was 

washed five times with PBST. HRP-conjugated anti-mouse 

IgG (Santa Cruz Biotechnology Inc.) was added at a dilution 

of 1:10,000 and incubated at 37°C for 1 hour. After washing 

five times with 1× PBST, TMB substrate reagent was added 

and incubated for 20 minutes in the dark. Reaction was 

stopped using 50 uL 1 N HCl, and absorbance reading was 

noted at 450 nm.

Evaluation of IgG1 and IgG2a response
The differential IgG subtype response was measured by 

determining the levels of IgG1 and IgG2a. IgG1 and IgG2a 

levels were determined by the same method as described 

for total IgG, except that the secondary antibody used was 

HRP-conjugated anti-mouse IgG1 and IgG2a, respectively. 

The secondary antibody was added at a dilution of 1:10,000. 

The response was evaluated in terms of antibody titer 

employing serial dilution of serum rather than using a single 

dilution of the serum.

Evaluation of secreted cytokines after 
in vitro stimulation of splenocytes
On the 49th day postimmunization, spleens from mice of 

different groups were harvested. Spleens were aseptically 

removed, and splenocytes were isolated using frosted slides. 

Red blood cells were lysed using 0.9% ammonium chloride. 

Splenocytes were washed in incomplete RPMI-1640 and 

suspended in RPMI-1640 media supplemented with 10% 
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FBS. Splenocytes were plated at 2×105 cells/well in a 24-well 

tissue culture plate. The cells were stimulated with 5 µg/mL 

LPS (positive control), 10 µg/mL PA/D4 (test sample), or 

only media (negative control). Culture supernatants were 

collected after 48 hours of incubation, and cytokine levels 

were evaluated for Th1/Th2 immune response using opt-EIA 

kit (BD Biosciences Pharmingen) as per the manufacturer’s 

instructions. Interleukin (IL)-4 and interferon (IFN)-γ levels 

were measured for Th1/Th2 immune response. To evaluate 

the inflammatory property of NISV + PA and NISV + D4, 

levels of tumor necrosis factor (TNF)-α (pro-inflammatory 

cytokine) and IL-10 (anti-inflammatory cytokine) were 

measured in a splenocyte supernatant.

Anthrax spore challenge
For efficacy testing, PBS, blank NISV, PA only/D4 only, 

and NISV + PA/NISV + D4, immunized female Swiss 

albino mice (each group, n=10) were injected with 0.5×103 

spores of BA virulent strain on 42nd day by intraperitoneal 

(IP) route and observed for 14 days for morbidity and 

death. All the infected mice were kept in an animal isola-

tor in a Biosafety Level-3 facility. Mice immunized with 

alhydrogel + PA and alhydrogel + D4 were used as positive 

control. Mice experiments were conducted according to the 

protocol approved by Institutional Animal Ethical Committee, 

Jawaharlal Nehru University. Protective efficacy was deter-

mined in terms of percentage survival by plotting Kaplan–

Meier curve.

Statistical analysis
Experimental data were analyzed by Sigma Plot/Microsoft 

Excel and expressed as ±SD. Comparisons between indi-

vidual data points were made using either one-way or two-

way analysis of variance (ANOVA) followed by Tukey’s 

multiple comparison test. Antigen alone–immunized mice 

group were compared with niosome-encapsulated antigen 

to calculate the P-value. P-value ,0.05 was considered as 

significant (*,0.05, **,0.01, ***,0.001, ****,0.0001, 

ns = nonsignificant).

Results
Physical characterization of niosome
The particles were spherical in shape as observed using 

TEM and AFM (Figure 1). The average particle size of 

blank niosome determined using DLS was found to be 107 

nm. The entrapment of PA and D4 resulted in an increase in 

the size of the niosome to 182 and 160 nm, respectively, as 

obtained from DLS (Figure 2). The zeta potential of blank 

niosome was observed to be −54.4 mV, while those for the 

PA- and D4-encapsulated niosome were observed to be −59 

and −58.5 mV (Figure 3).

Entrapment efficiency
The encapsulation of PA and D4 in the niosome formula-

tion was calculated by ultracentrifugation method and was 

calculated as the fraction of total protein entrapped in the 

niosome. The percentages of PA and D4 encapsulated in the 

niosome as calculated by micro-BCA assay kit were found 

to be 58.5 and 44.75, respectively. The qualitative analysis 

of PA/D4 encapsulated in niosome was analyzed using 

SDS-PAGE (Figure 4), which confirmed the encapsulation 

of the proteins in niosome.

In vitro release assay
The evaluation of in vitro release is a necessary parameter 

to understand the release kinetics of the protein. It is an 

important analytical tool, which gives an idea of the rate of 

in vivo protein release profile. The release of PA and D4 

from niosome was carried out at 37°C in 1× PBS; 1 mL of 

sample was aliquoted at different time periods as mentioned 

in the “Materials and Methods” section. The content was 

centrifuged, and the supernatant was analyzed for protein 

content by micro-BCA assay kit. The release profile of PA 

and D4 shows an initial burst release during 24 hours fol-

lowed by a gradual release of the proteins until 1 week as 

observed in Figure 5.

In vitro uptake study and localization
In order to elicit an immune response, it is critical for the nio-

some formulation to be taken up by antigen-presenting cells.

In order to obtain a qualitative view of niosome-enhanced 

D4 uptake by THP1 cells, we performed laser confocal micros-

copy of THP1 cells incubated with niosome-encapsulated 

FITC-labeled D4. Confocal images showed an enhanced 

uptake of niosome-encapsulated D4 in comparison with 

only D4 (Figure 6) with the particles localized on the cyto-

plasm of the cell.

To evaluate the extent to which niosome is taken up by 

macrophage, D4-labeled FITC-encapsulated inside niosome 

was incubated with THP1 cells for 30 minutes and analyzed 

quantitatively using flow cytometry. As shown in Figure 7, 

46.75% niosome-encapsulated D4 was uptaken by THP1 in 

30 minutes as compared to only 19.65% D4, which suggests 

an increase in the uptake of niosome-encapsulated D4 as 

compared to only D4.
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Figure 1 Surface morphology of niosome formulation was visualized using AFM and TEM: (A) AFM image of NISV–D4; (B) AFM image of NISV–PA; (C) TEM image of 
NISV–D4; and (D) TEM image of NISV–PA.
Abbreviations: AFM, atomic force microscopy; D4, PA Domain 4; NISV, nonionic surfactant–based vesicles; PA, protective antigen; TEM, transmission electron microscopy; 
SDR, Surface area ratio; SDQ, Root mean square gradient; SSC, Surface mean summit curvature; SA, roughness average; SQ, Root mean square height; SSK, Skewness; 
SSU/SKU, Kurtosis of topography height distribution.

Figure 2 DLS of the niosome nanoparticles: (A) blank niosome; (B) NISV–PA; and (C) NISV–D4.
Abbreviations: D4, PA Domain 4; DLS, dynamic light scattering; NISV, nonionic surfactant–based vesicles; PA, protective antigen.

The results obtained from confocal microscopy and flow 

cytometry suggest that niosome-mediated antigen delivery 

enhances the uptake of the antigen by macrophages and may 

assist in augmenting the immune response of an antigen as 

compared to that generated by an antigen alone.

Assessment of immune response
Niosome encapsulating 25 µg of PA (NISV + PA) and 25 µg 

PAD4 (NISV + D4) were injected in Swiss albino mice via IP 

route. Individual sera from each mouse were collected on the 

14th, 28th, and 42nd day, and antibody titer was determined 
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Figure 4 Encapsulation of PA and D4 in niosome.
Notes: PA and D4 as recovered from NISV + PA and NISV + D4 after SDS treatment. 
After treatment, the sample was centrifuged and the supernatant was subjected 
to a 12% SDS-PAGE followed by Coomassie Blue staining. Lane 1: Control D4, 
Lane 2: D4 from particles after SDS treatment, Lane 3: D4 from supernatant after 
ultracentrifugation, Lane 4: ladder, Lane 5: PA from particles after SDS treatment, 
Lane 6: PA from supernatant after ultracentrifugation, Lane 7: control PA.
Abbreviations: D4, PA Domain 4; NISV, nonionic surfactant–based vesicles; PA, 
protective antigen; SDS, sodium dodecyl sulfate; SDS-PAGE, SDS–polyacrylamide 
gel electrophoresis.

Figure 5 In vitro release profile of PA and D4 from NISV.
Notes: Nanoparticle formulations were suspended in 1× PBS at 37°C. Samples 
were collected at different time intervals and protein content estimated by micro-
BCA assay kit. The release curve suggests an initial burst release of protein within 
24 hours followed by a gradual release kinetics.
Abbreviations: BCA, bicinchoninic acid; D4, PA Domain 4; NISV, nonionic 
surfactant–based vesicles; PA, protective antigen.

Figure 3 Zeta potential of niosome nanoparticles: (A) blank niosome; (B) NISV–PA; and (C) NISV–D4.
Abbreviations: D4, PA Domain 4; NISV, nonionic surfactant–based vesicles; PA, protective antigen.

′

′

by indirect ELISA. The immune correlates of the NISV + PA 

and NISV + D4 immunized mice were compared with that 

of antigen only. Mice immunized with PA and D4 only did 

not show much enhancement in antibody titer even after two 

booster doses (Figures 8 and 9). The administration of NISV + 

PA and NISV + D4 elicited a robust antibody titer. Antibody 
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titer elicited by NISV + PA after prime was determined to be 

5,900, which increased to 94,000 and 502,000 after the first 

and second booster, respectively, whereas mice immunized 

with PA alone did not elicit significant antibody titers, with 

titers at only 1,090 and 3,500 after the 28th and 42nd day. 

Antibody response specific to D4 as elicited by NISV + D4 

was also measured and observed to be 2,800, 106,000, and 

246,000 when measured on the 14th, 28th, and 42nd day after 

the prime, first booster, and second booster, with titer of D4 

alone-immunized mice eliciting antibody titer of 1,500 and 

2,000 after the first and second booster dose. PBS and blank 

NISV did not elicit significant antibody titer.

Differential IgG subtype response has been shown to 

be a major immune correlate in BA infection. Humoral 

response elicited by NISV + antigen was also measured 

in the sera of the immunized mice by evaluating IgG1 and 

IgG2a subtype level. Mice immunized with PA and D4 alone 

elicited low level of IgG1 only even after two booster doses 

(Figures 8 and 9). However, immunization with NISV + PA 

elicited both IgG1 and IgG2a, with higher level of IgG1 titer 

as compared to IgG2a; the titer levels for IgG1 and IgG2a 

being 272,000 and 77,000 on Day 42, suggesting a Th2-

biased response (Figures 8 and 9). Similarly, for NISV + D4, 

it was observed that IgG1 antibody titer was predominant as 

compared to IgG2a antibody titer, with antibody titer levels 

of 246,000 and 29,000, suggesting a strong Th2 immune 

response. However, elicitation of significant level of IgG2a 

antibody titer by both NISV + PA and NISV + D4 as com-

pared to only PA and D4 suggests a mixed Th1/Th2 response 

with Th2-type immune response skewing toward Th1 type.

Antigen-specific cytokine in splenocyte
The mixed IgG1 and IgG2a response elicited by NISV + PA 

and NISV + D4 led us to explore the Th1 and Th2 heteroge-

neity offered by the niosome formulations. T lymphocytes 

are the major source of cytokines and display antigen-specific 

Figure 6 Confocal microscopy image of in vitro uptake of (A) niosome-encapsulated FITC-labeled D4 by THP1 cells in 30 minutes and (B) FITC-labeled D4 only by THP1 cells. 
Note: The magnification used is 60×. 
Abbreviations: D4, PA Domain 4; FITC, fluorescein isothiocyanate; NISV, nonionic surfactant–based vesicles.

Figure 7 Comparative in vitro uptake study of FITC-labeled D4 (FITC-D4) and niosome-encapsulated FITC–D4 by flow cytometry: (A) THP1 cells only; (B) THP1 cells 
incubated with FITC–D4 only; and (C) THP1 cells incubated with niosome-encapsulated FITC–D4.
Notes: R1 denotes the cell population unexposed to FITC–D4. R4 denotes cell population, which has phagocytosed FITC–D4.
Abbreviations: D4, PA Domain 4; FITC, fluorescein isothiocyanate; Hist, histogram; NISV, nonionic surfactant–based vesicles; PA, protective antigen.
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Figure 8 Anti-PA titers elicited by Swiss albino mice immunized intraperitoneally with PBS, blank NISV, PA, and NISV + PA.
Notes: Subsequent booster doses were injected on the 14th and 28th day. Sera were collected from individual mice and analyzed in triplicates for PA-specific IgG antibodies 
and its isotypes by ELISA: (A) shows the IgG level elicited by the different groups at different time intervals; (B) shows the level of IgG1-specific antibodies, while (C) shows 
the levels of IgG2a-specific antibodies against PA. IgG and its isotypes were determined in the serum of immunized mice by ELISA using HRP-conjugated anti-mice IgG, IgG1, 
and IgG2a antibodies (1:10,000 dilution). For data preparation and statistical analysis, GraphPad Prism Version 6.05 software was used. The results were expressed as mean 
value with SD from individual mice group. PA immunized without particle group was compared with particulated groups for calculating P-value using the two-way ANOVA 
followed by Tukey’s multiple comparisons test. **P,0.01, ****P,0.0001, ns represents not significant.
Abbreviations: ANOVA, analysis of variance; D4, PA Domain 4; ELISA, enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; NISV, nonionic surfactant–
based vesicles; PA, protective antigen.

Figure 9 Anti-D4 titers elicited by Swiss albino mice immunized intraperitoneally with PBS, blank NISV, D4, and NISV + D4. 
Notes: Subsequent booster doses were injected on the 14th and 28th day. Sera were collected from individual mice and analyzed in triplicates for D4-specific IgG antibodies 
and its isotypes by ELISA: (A) shows the IgG level elicited by the different groups at different time intervals; (B) shows the level of IgG1-specific antibodies, while (C) shows 
the levels of IgG2a-specific antibodies against D4. IgG and its isotypes were determined in the serum of immunized mice by ELISA using HRP-conjugated anti-mice IgG, IgG1, 
and IgG2a antibodies (1:10,000 dilution). For data preparation and statistical analysis, GraphPad Prism Version 6.05 software was used. The results were expressed as mean 
value with SD from individual mice group. D4 immunized without particle group was compared with particulated groups for calculating P-value using the two-way ANOVA 
followed by Tukey’s multiple comparisons test. ****P,0.0001, ns represents not significant.
Abbreviations: ANOVA, analysis of variance; D4, PADomain 4; ELISA, enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; NISV, nonionic surfactant–based 
vesicles; PA, protective antigen.
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Figure 10 Immunization with NISV + PA elicits a mixed Th1/Th2 immune response.
Notes: Evaluation of cytokine from splenocyte culture supernatant postimmunization and stimulated in vitro with PA or media only for 48 hours. NISV + PA elicited 
higher levels of (A) IFN-γ, (B) IL-4, (C) IL-10, and (D) TNF-α as compared to that elicited by only PA- or PBS-immunized group. Error bars represent ±SD of three 
experiments. Statistically significant change between PA and NISV + PA groups was calculated using one-way ANOVA followed by Tukey’s multiple comparisons test *P,0.05, 
****P,0.0001.
Abbreviations: ANOVA, analysis of variance; D4, PA Domain 4; IFN-γ, interferon-γ; IL, interleukin; NISV, nonionic surfactant–based vesicles; PA, protective antigen; 
TNF-α, tumor necrosis factor-α.
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receptors on their cell surface to recognize foreign pathogens. 

The two main subsets of T lymphocytes differentiated on 

the basis of the surface markers displayed on the cells are 

CD4 and CD8. T lymphocytes displaying CD4 molecules 

on their cell surface are called Th cells and are the regarded 

as the most prolific cytokine producers. Th cells are further 

differentiated into Th1 and Th2 cells. Naïve T cells after 

the recognition of antigen peptide on the surface of major 

histocompatibility molecule II (MHC II) through T-cell 

receptor are differentiated into two major phenotypically 

distinct memory Th cell populations, Th1 and Th2. Th1 

subset is a subset that secretes cytokines that are associated 

with inflammation, such as IFN-γ and TNF-α and induces 

cell-mediated response. On the other hand, Th2 subset helps 

in the proliferation of B cells by secreting cytokines such as 

IL-4 and IL-5 and is associated with humoral response.

Upon infection, BA relies on phagocytes; mostly den-

dritic cells to evade the immune system to reach the regional 

lymph nodes. The spores germinate inside the macrophages 

and become vegetative cells, which are released from 

the macrophages and multiply in the lymphatic system 

and enter the bloodstream where they multiply and cause 

massive septicemia. On being released into the blood-

stream, the bacteria secrete its toxin disrupting cellular 

activities.27

Although PA-specific antibodies are capable of neu-

tralizing anthrax toxin activity,28 it has been reported that 

antibodies of IgG2a type or Th1 response is able to initiate 

powerful effector activities such as complement fixation 

and antibody-dependent cellular cytotoxicity to prevent the 

germination of spores and lead to their destruction through 

sporicidal or germination inhibitory mechanisms.29 Hence, 

for an anthrax vaccine, it is desirable that it is able to elicit 

both humoral and cellular immunity.

A mixed response is assumed to confer protection against 

BA infection.30 Spleens from three mice of each group were 

isolated, and splenocyte was harvested and stimulated in vitro 

with D4 or PA and with LPS for positive control and only 

media for negative control. Supernatants were collected after 

48 hours and analyzed for IL4 (Th2 stimulatory cytokine, 

humoral-biased immune response), IFN-γ (Th1 stimula-

tory cytokine, evident for strong cell-mediated immune 

response), IL-10 (anti-inflammatory cytokine), and TNF-α 

(pro-inflammatory). The level of Th2 stimulatory cytokine, 

IL-4, secreted by NISV + PA (Figure 10) was 200±18 pg/mL, 

while the level of Th1 stimulatory cytokine, IFN-γ, was 

102±18 pg/mL. The level of IL-4 elicited by splenocytes 

of mice immunized with PA only was 42±3 pg/mL, while 

the level of IFN-γ was 30±1 pg/mL. For mice immunized 

with NISV + D4 (Figure 11), the level of Th2 stimulatory 
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cytokine, IL-4, secreted by splenocytes on stimulating with 

D4 was 141±3 pg/mL, while the level of Th1 stimulatory 

cytokine, IFN-γ, was 85±13 pg/mL. While, for the mice 

injected with D4 only, the level of IL4 was 37±1 pg/mL, 

and that of IFN-γ was 17±2 pg/mL. These results indicated 

a mixed Th1/Th2 response. In order to get a conclusive idea 

about the inflammatory property of niosome, TNF-α and 

IL-10 levels were measured in splenocyte culture supernatant 

after stimulation with PA and D4, respectively. The levels of 

IL-10 were 170±19 pg/mL for NISV + PA-immunized mice 

and 121±12 pg/mL for NISV + D4-immunized mice. The 

level of TNF-α was calculated to be 20±3 pg/mL for NISV + 

PA-immunized mice, while for NISV + D4-immunized 

mice, it was found to be 22±3 pg/mL. The results of IL-10 

and TNF-α of NISV-encapsulated PA and D4 suggest anti-

inflammatory property of niosome.

Protective efficacy of NISV + PA and 
NISV + D4 against anthrax spore 
challenge
The protective efficacy of NISV + PA and NISV + D4 against 

BA spore challenge was evaluated in Swiss albino mice, as 

they suit better as a model to correlate to human vaccine 

response.31 The route of spore injection was IP as spores were 

observed to evade phagocytosis by this route, by germinat-

ing into vegetative cells in the peritoneal cavities.32 All mice 

groups were injected with spores of a virulent BA strain as men-

tioned in the “Materials and Methods” section. As a control, 

mice immunized with alhydrogel + PA and alhydrogel + D4 

were injected with the same number of spores. Infected mice 

were kept under observation for 14 days, and survival per-

centage was calculated using Kaplan–Meir curve.

As shown in Figure 12, the anthrax spore challenge 

experiment revealed that mice immunized with PA alone 

were able to provide only 20% protection, while mice immu-

nized with D4 alone were not able to provide any protection. 

Mice  immunized with alhydrogel + PA and alhydrogel +  

D4 showed protection of 80% and 30%, respectively. 

Both  NISV + PA and NISV + D4 were able to provide 

protection against BA infection in Swiss albino mice and 

showed an increase in mean survival after infection. NISV + 

PA offered 80% survivability, while for NISV + D4, the 

percentage survival was 50%. This shows that niosome can 

be used as a potential vaccine adjuvant against anthrax, as it 

could provide similar/better protection against anthrax spore 

challenge in mice when compared to alhydrogel.

Discussion
Aluminum hydroxide and alum are still the choice of adju-

vants in the currently available vaccines against anthrax, with 

aluminum salts being able to elicit robust Th2-based immune 

response.33 However, these vaccines suffer from drawbacks such 

Figure 11 Immunization with NISV + D4 elicits a mixed Th1/Th2 immune response.
Notes: The evaluation of cytokine from splenocyte culture supernatant postimmunization and stimulated in vitro with PA or media only for 48 hours. NISV + PA elicited 
higher levels of (A) IFN-γ, (B) IL-4, (C) IL-10, and (D) TNF-α as compared to that elicited by only PA- or PBS-immunized group. Error bars represent ±SD of three 
experiments. Statistically significant change between D4 and NISV + D4 groups was calculated using one-way ANOVA followed by Tukey’s multiple comparisons test 
*P,0.05, ***P,0.001, ****P,0.0001.
Abbreviations: ANOVA, analysis of variance; D4, PADomain 4; IFN-γ, interferon-γ; IL, interleukin; NISV, nonionic surfactant–based vesicles; PA, protective antigen; TNF-α, 
tumor necrosis factor-α.
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as requirement of multiple booster doses over a long regime 

to maintain protective antibody titers and adjuvant side effects 

such as fatigue, rashes, joint pains, and sleep disturbances.34 

Therefore, much effort toward the generation of better vaccine 

against anthrax has been invested, like PLGA, which is a US 

Food and Drug Administration–approved polymer and has 

been studied as a potential vaccine adjuvant against anthrax, 

eg, PLGA-encapsulated D4,25 and PLGA–dendron NP-based 

PA–DNA vaccine,35 dual function viral NP,36 where the authors 

have developed a chimeric particle by multivalent display of 

the anthrax toxin cell receptor binding region on the surface of 

an icosahedral insect nodavirus, Flock House virus, to act as an 

antitoxin and vaccine candidate and CpG-Ficoll NP adjuvant 

encapsulating PA,37 which is based on linking sucrose polymer 

Ficoll to synthetic oligonucleotides containing CpG-rich motifs 

(CpG-oligodeoxynucleotide) and has been shown to provide 

protection against inhaled anthrax in monkeys.

A versatile adjuvant capable of enhancing the immune 

response over a wide range of antigens is desirable. In this 

study, we have investigated the immune response generated 

by niosome encapsulating PA and D4 and its protective 

efficacy against anthrax spore challenge for the first time. 

Niosome were prepared using span-60 and cholesterol via 

reverse-phase evaporation technique as this method has been 

reported to encapsulate hydrophilic molecules with relatively 

higher efficiency.38 It has also been reported that niosome 

prepared from span-60 has been reported to show higher 

entrapment efficiency as compared to its counterparts such 

as span-80 and span-40.39 In-process stability of the encap-

sulated PA and D4 was assessed by SDS-PAGE analysis, 

which revealed that the antigens maintained their integrity 

during the preparation of niosome. In vitro uptake study in 

macrophage showed an enhanced uptake of D4-encapsulated 

niosome, suggesting antigen cleavage within the macrophage 

and presented through MHC class I pathway leading to Th1 

immunity, while the Th2 immune response could be due 

to the initial protein released by the enzymatic degradation 

of niosome and presented by B cells through MHC class II 

pathway to Th2 cells.

A study by Bielinska et al40 has shown that IgG2a is 

better neutralization of toxins than IgG1. Similar studies by 

Merkel et al29 and Cote et al41 showed that anti-PA IgG2a 

or Th1 response can initiate the compliment fixation and 

antibody-dependent cellular toxicity, which can be sporicidal 

or alternatively inhibit spore germination. Although humoral 

response is the prime requirement for the clearance of toxin 

against anthrax infection, cell-mediated immune response 

is also essential to combat intracellular stage of infection, 

which is mediated by cytokines activated by activated T cells. 

In our study, the niosome formulations along with a heightened 

IgG response were also able to modulate the quality of immune 

response, as observed from IgG1 and IgG2a titers of both 

PA- and D4-encapsulated niosome. However, the production 

of IgG1 antibody titer was significantly higher than that of 

IgG2a, which indicated the Th2-dominant immune response. 

IgG1 and IgG2a titers give an idea of the contribution of 

Th1- and Th2-mediated immune response elicited by the 

formulation. The results from our study showed a significant 

increase in IgG1 and IgG2a antibody titers elicited by both 

PA- and D4-encapsulated niosome, as compared to only 

PA and D4, which were able to induce low levels of IgG1 

and relatively no IgG2a antibody titer. This demonstrates 

that niosomes were able to modulate the quality of immune 

response of the antigen from a predominantly Th2 response 

along with a mixed Th1/Th2 type immune response.

In order to probe the involvement of Th cell-derived 

cytokines in the adjuvant activity of niosome, we analyzed the 

cytokine profile secreted by splenic T cells from immunized 

mice. Splenocytes of both PA- and D4-encapsulated niosome 

mice secreted a high quantity of IL-4 on stimulation with PA 

and D4, respectively, which is consistent with the high levels 

of IgG1 antibody titer. The level of IFN-γ was also high in 

the splenocyte culture supernatant of both NISV + PA and 

Figure 12 NISV + PA and NISV + D4 protect Swiss albino mice against anthrax 
spore challenge.
Notes: Effects of NISV + PA and NISV + D4 on survival of mice (n=10 mice/group) 
were studied. Mice were immunized with 25 µg of PA and D4 alone or encapsulated 
in niosome followed by two booster doses. Mice immunized with alhydrogel + PA 
and alhydrogel + D4 were taken as control. Mice were challenged with 0.5×103 spores 
of BA virulent strain and observed for 14 days for morbidity and death.
Abbreviations: BA, Bacillus anthracis; D4, PA Domain 4; NISV, nonionic surfactant–
based vesicles; PA, protective antigen.
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NISV + D4 as compared to only PA- and D4-immunized 

mice. Hence, both cytokine profiling and antibody isotyping 

confirm a mixed Th1/Th2 immune response by both PA- and 

D4-encapsulated niosome.

The introduction of nanomaterials to biomedicine since 

the 1970s has paved the way to early detection, diagnosis, and 

targeted treatment of the disease. However, the nanomaterials, 

being in nanoscale range and having high surface-to-volume 

ratio, can enter the circulatory and lymphatic system caus-

ing irreversible injuries through oxidative or nitric oxide 

stress and are critical mediators of inflammation. Hence, in 

order to investigate the inflammatory property of PA- and 

D4-loaded niosome, we checked for the presence of pro- and 

anti-inflammatory cytokines (TNF-α and IL-10) in the sple-

nocyte culture supernatant. The stimulation of the splenocyte 

with the respective antigen induced a significant level of 

IL-10 with very low level of TNF-α production, suggesting 

the anti-inflammatory behavior of niosome. IL-10 has been 

shown to play a role in pathogen clearance by protecting the 

innate immune cells from apoptosis by the downregulation 

of TNF-α and elevated production of IFN-γ by natural killer 

cells at times of high pathogen load,42 which can also be a 

factor for the protective efficacy of the niosome formula-

tions. Although it has been reported that positively charged 

particles are more likely to induce inflammatory reactions 

and activate the cells of the immune system as compared to 

anionic and neutral particles,43 the enhanced immune response 

may be due to the enhanced phagocytosis of the negatively 

charged niosome particles by macrophage cells in vivo as 

reported by Lunov et al,44 that anionic polystyrene NPs are 

phagocytosed by macrophages as compared to positively 

charged polystyrene NPs.

Irrespective of the immune response elicited, the protec-

tive efficacy offered by a vaccine formulation is of critical 

importance for it to proceed for clinical trials. In order to 

determine the efficacy of the two vaccine formulations, we 

performed a challenge study in the immunized mice and com-

pared the protective efficacy as compared to unimmunized 

mice. While PA and D4 were able to provide only 20% and 

0% protection against anthrax spore challenge, niosome-

encapsulated PA and D4 enhanced the protective efficacy up 

to 80% and 50% respectively. This can be attributed to toxin 

neutralization by the synergistic effect of IgG2a antibodies 

along with IgG1 antibodies, as it has been shown earlier 

that IgG2a was able to neutralize anthrax toxins better as 

compared to IgG1 antibodies.29 The protective correlation 

between PA- and D4-encapsulated niosome can be attributed 

to the fact that PA being a full-length molecule is a better 

immunogen as compared to D4.

In conclusion, this study shows that niosome is a powerful 

adjuvant which is able to induce a mixed Th1/Th2 response 

against both PA and D4 along with a robust IgG response and 

also provides protection against anthrax spore challenge in 

mice model. This improved efficacy of the niosome formula-

tion can be attributed to the synergistic effect of enhanced 

cellular uptake of the niosomes as compared to only PA/D4 

along with a slow and prolonged release of the antigen. This 

proposed system is economical and potentially safe as it does 

not induce inflammatory cytokines and can be regarded as 

a delivery vehicle of antigen against anthrax. However, the 

adjuvant potential and protective efficacy of niosome against 

other pathogens have also to be probed into.
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