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Purpose: The aim of the study was to load a model antigen, tetanus toxoid (TT), in poly-ε-

caprolactone nanoparticles (PCL NPs) of two size ranges, ie, mean 61.2 nm (small) and 467.6 nm 

(large), and study its effect on macrophage polarization as well as antigen presentation in human 

monocyte-derived macrophages in vitro, along with humoral and cell-mediated immune (CMI) 

response generated in Swiss albino mice following immunization with the TT-loaded NPs.

Materials and methods: PCL NPs were synthesized by solvent evaporation. The antigen-

loaded PCL NPs were characterized for size, zeta potential, and protein-release kinetics. Swiss 

albino mice were immunized with the antigen-loaded PCL NPs. Flow cytometry was used to 

quantify interferon-γ- and interleukin-4-secreting cluster of differentiation (CD)4+ and CD8+ 

T cells in the spleen, and enzyme-linked immunosorbent assay was used to quantify anti-TT 

antibody levels in the serum of immunized mice.

Results: Small PCL NPs generated an M1/M2 type polarization of human blood monocyte-

derived macrophages and T helper (Th)1/Th2 polarization of autologous CD4+ T cells. Efficient 

CD8+ T-cell responses were also elicited. Large PCL NPs failed to cause any type of macrophage 

polarization. They did not elicit efficient CD8+ T-cell responses.

Conclusion: TT-loaded small PCL NPs were able to generate persistent and strong CMI and 

humoral responses against TT 2 months after single injection in mice without booster dose. 

This biodegradable nanoadjuvant system may help to develop single-shot immunization for 

prolonged immunity without booster doses. The capability of enhanced CMI response may have 

high translational potential for immunization against intracellular infection.

Keywords: tetanus toxoid, antigen cross-presentation, poly-ε-caprolactone nanoparticles, 

vaccine, adjuvant

Introduction
Antigen-presenting cells are comprised of dendritic cells, macrophages, and 

B lymphocytes, and these are entrusted with the task of presenting both endog-

enous and exogenous antigens through major histocompatibility complex (MHC) 

class I and class II cell receptors, respectively, to cluster of differentiation (CD)8+ 

and CD4+ T lymphocytes. T lymphocytes are subdivided as CD4+ and CD8+ 

T cells depending on the expression of the coreceptors CD4 or CD8 on their 

cell membranes. CD4+ T cells are called T-helper (Th) cells, and CD8+ T cells 

are called cytotoxic T cells (CTLs). Th cells are further divided into Th1 and 

Th2 cells based on their cytokine-secreting pattern. This polarization of Th cell 

function was first shown in vitro in 1986 by Mosmann and Coffman.1 Th1 cells 

secrete interferon (IFN)-γ, promote cell-mediated immunity through CTLs, and 

activate macrophages, while Th2 cells produce interleukin (IL)-4 and promote 
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humoral immunity through secretion of antibodies from 

B lymphocytes.2

Macrophages belong to the mononuclear phagocytic 

system, and function as important antigen-presenting cells. 

As they are prime targets for a variety of intracellular infec-

tions, targeting them with cell-based vaccination strategies 

using antigens entrapped in nanoparticles (NPs) may provide 

new tools to control and modulate antigen presentation with 

enhancement of efficiency of adaptive immune response.

As in the case of Th cells, macrophage response and function 

were proposed by Mills et al to be polarized, and were hence 

designated as M1 and M2 types in line with Th1/Th2 nomencla-

ture.3 In general, M1 cells produce high amounts of IL-12 and 

low amounts of IL-10, efficiently generate reactive oxygen and 

nitrogen intermediates, and mediate resistance against intracel-

lular infections and tumors, whereas the various forms of M2 

macrophages share an IL-12-low, IL-10-high phenotype.4

There are several studies that have shown the efficacy 

of NPs for vaccine delivery.5–16 These studies have indicated 

their usefulness in eliciting good humoral, mucosal, and 

cell-mediated immune response depending on the mode 

of delivery. Antigens encapsulated in NPs are presented 

effectively on MHC class II molecules and may get cross-

presented more efficiently on MHC class I molecules. The 

mechanism by which such effective cross-presentation is 

achieved through the use of NPs is not understood entirely, 

although recent studies have put forward some explanations 

for this phenomenon.17

Successful vaccination depends on the use of adjuvants.18 

For almost 70 years, alum remained the only adjuvant 

approved for human use, but it has a major limitation of 

activating humoral responses with little activation of cell-

mediated immunity (CMI). Therefore, a major issue today 

regarding the development of effective vaccines is the pau-

city of effective adjuvants that can elicit highly complex 

immune responses using all pathways of the immune system, 

especially CMI, for widespread and serious diseases like 

tuberculosis and human immunodeficiency virus that have 

escaped effective vaccination.

The aim of many vaccine-development programs has 

been to generate a strong T-cell response, which requires the 

presentation of pathogenic peptides on MHC molecules for 

T-cell stimulation. Therefore, the challenge for an effective 

vaccine is to induce long-lived central memory CD8+ T cells 

as well as CD4+ Tcells.19

The past decade has seen important developments in 

the use of nanotechnology in the field of vaccine adjuvants 

and carrier vehicles, especially polymeric materials in the 

nano- and microranges.20–35 These studies hold great promise 

to elicit complex immune responses from all branches of 

immunity for effective and safe vaccination against major 

infections that have escaped effective vaccination.

In the present study, we developed poly-ε-caprolactone 

(PCL) NPs in two size ranges, ie, (mean) 61.2 nm (small) 

and 467.6 nm (large) and loaded them with a model anti-

gen – tetanus toxoid (TT). TT is an exogenous antigen that 

gets presented on MHC class II molecules generally, and 

humoral responses are sufficient to neutralize tetanus toxin. 

We aimed to study the effect of the size variation of PCL 

NPs on human monocyte-derived macrophage (hmoM) on 

antigen presentation to autologous CD4+ and CD8+ T cells, 

and study the differential immune responses elicited by the 

particles in vivo in Swiss albino mice immunized with the 

preparations. Our aim was to study the size-dependent modu-

lation of immune response toward the entrapped antigen,  

and whether antigen cross-presentation depends on the NP 

size, along with efficient generation of Th1 responses. Cross-

presentation is the process by which exogenous antigens are 

presented on MHC class I molecules. This is important to 

stimulate CD8+ T-cell response, which is essential for anti-

tumor activity and for intracellular infections. Our objective 

was to use antigen-loaded PCL NPs and generate a strong 

humoral as well as T-cell response.

Materials and methods
Preparation of polycaprolactone 
nanoparticles
PCL (Mw 14 KD), Pluronic® F127, acetonitrile, polyvinyl 

alcohol, and dichloromethane were procured from Sigma-

Aldrich (St Louis, MO, USA). PCL NPs were synthesized by 

double emulsion with Pluronic F127 and polyvinyl alcohol 

as surfactants for smaller and larger particles, respectively. 

Briefly, in one system (system A), varied concentrations of 

surfactant were added to 20 mL of water and stirred for 1 hour. 

In another system (system B), varied concentrations of PCL 

were dissolved in solvent (acetonitrile was used for smaller 

NPs, and dichloromethane for larger NPs) and stirred for 1 

hour. TT was a gift from the Serum Institute of India. Pure 

TT (working concentration ∼40 mg/mL) was added to system 

B under vigorous stirring with 5 seconds of ultrasonication. 

Immediately, polymer loaded with protein (system B) was 

added to system A using a 22-gauge syringe at a slow rate. 

The system was left under constant stirring overnight until 

the solvent evaporated. Void polylactic acid (PLA) NPs of a 

similar size range were prepared as above for comparison with 

PCL NPs to study their effects on macrophage polarization.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

939

Poly-ε-caprolactone-based nanoadjuvant

Characterization of PCL NPs
The size and morphology of the NPs were determined by 

transmission electron microscopy. One drop of the aque-

ous dispersion of PCL NPs was put on a Formvar-coated 

copper grid and then air-dried, followed by one drop of 

1% phosphotungstic acid. The dried grid was examined under 

a Philips Morgagni 268 electron microscope (5600 MD; FEI, 

Hillsboro, OR, USA). The Malvern Zetasizer ZS-90 (Malvern 

Instruments, Malvern, UK) was used to determine the size 

distribution and zeta potential of PCL NPs at 25°C.

Cell culture
The human monocytic cell line THP1 was obtained from the 

National Centre For Cell Science, Pune, India, and used for 

PCL NP uptake and degradation studies, viability assay, and 

detection of reactive oxygen species (ROS) generation.

Cells were subcultured and maintained at 37°C in Roswell 

Park Memorial Institute (RPMI) medium (Sigma-Aldrich) 

under standard conditions. The medium was supplemented 

with 10% fetal calf serum (HyClone; Thermo Fisher Sci-

entific, Waltham, MA, USA), and antibiotic containing 50 

U/mL penicillin and 50 mg/mL streptomycin and actinomy-

cin (Sigma-Aldrich).

MTT assay for cell viability
THP1 cells were seeded at 1×103 cells per well and grown in 

96-well plates until subconfluent. A sterile aqueous solution 

of PCL NPs dissolved in phosphate-buffered saline (PBS; 

pH 7.2) was then added to the cells at a concentration of 

500 µg/mL and incubated for 3, 6, 9, 12, 24, and 48 hours. 

After incubation, the medium was discarded and 90  µL 

fresh medium was added per well to the cells after thorough 

washing three times with sterile PBS (pH 7.2). MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; 

10 µL) reagent (5 mg/mL stock) (Sigma-Aldrich) was then 

added to each well, and the plate was incubated for 6 hours 

in an incubator. After incubation, the medium was discarded 

from the wells, and dimethyl sulfoxide 100 µL was added to 

solubilize the formazan crystals formed. Readings were then 

taken in an enzyme-linked immunosorbent assay (ELISA) 

reader (Model 680 microplate reader, BIORAD, Hercules, 

California, USA) at 490 nm, with subtraction for plate 

absorbance at 650 nm. The percentage viability of the cells 

was calculated as the ratio of mean absorbance of triplicate 

readings of sample (I
sample

) with respect to mean absorbance 

of control wells (I
control

):

	 Cell viability = (I
sample

/I
control

)×100.

Assay for ROS generation
THP1 cells (2×104 cells per well) were grown on coverslips 

in six-well plates until subconfluent. Intracellular ROS was 

measured using a peroxide-sensitive fluorescent probe: 

carboxy-2′,7′-dichlorofluorescein diacetate (H
2
DCFDDA; 

Life Technologies, Carlsbad, CA, USA). The cells were 

loaded with 20 µM H
2
DCFDDA for 60 minutes at 37°C. 

After being loaded, the cells were thoroughly washed and 

fresh medium was added. The cells were incubated with 

the PCL NPs at 400 µg/mL and 500 µg/mL under standard 

conditions. After the defined time points, the cells were 

washed with sterile PBS and mounted with glycerol PBS 

(50% glycerol). The cells were observed under a fluorescent 

microscope (Eclipse 600; Nikon, Tokyo, Japan) with a green 

filter, and the images were captured with a DP-71 digital 

camera (Olympus, Tokyo, Japan). Cells incubated without 

PCL NPs were used as a negative control, and 100 µM H
2
O

2
 

was used as a positive control.

Protein-release kinetics
Ten milligrams of TT-loaded PCL NPs (60 nm or 450 nm) 

was dissolved in 1 ml of either PBS (pH 7.2), PBS (pH 4.0), 

or double-distilled water (pH 6.0) and kept at 37°C for 7, 

14, 21, 28, and 30 days. After the indicated time points, the 

Microfuge® (Beckman Coulter, Pasadena, CA, USA) tubes 

were centrifuged at 15,000 rpm, and the supernatants were 

assayed for protein content using a Bradford assay (Amresco, 

Solon, OH, USA). Values were obtained from the standard 

curve obtained with bovine serum albumin (BSA) as reference 

protein. Void PCL NPs were used as negative controls.

Loading efficiency
Ten milligrams of lyophilized PCL NPs was dissolved in a 

1:1 ratio of dichloromethane:water. The sample was vortexed 

for 2 minutes and centrifuged at 8,000 rpm for 10 minutes. 

The supernatant was collected, and 10 µL of it was added to 

90 µL of NaCl (0.15N) solution. The solution was brought 

up to 1 mL by adding 900 µL of Bradford solution. Optical 

density was read at 595 nm using a spectrophotometer 

(Shimadzu, Kyoto, Japan). Values were obtained from stan-

dard curves obtained with BSA as reference protein. Loading 

efficiency was calculated as:

	 (TT
total

 − TT
supernatant

/TT
total

)×100

where TT
total

 was the protein added during synthesis of the 

PCL NPs, and TT
supernatant

 was the protein content in the 

supernatant.
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Antigen-presentation assays
Ten milliliters of blood was drawn from healthy human vol-

unteers, and mononuclear cells were separated over a Ficoll-

Hypaque gradient (Sigma-Aldrich). The mononuclear cells 

were kept in petri dishes for 2 hours in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Sigma-Aldrich) supplemented with 

10% fetal calf serum (HyClone) and antibiotic (Sigma-Aldrich) 

containing 50 U/mL penicillin and 50 mg/mL streptomycin and 

actinomycin. After 2 hours, the medium was decanted to remove 

nonadherent cells, and fresh medium containing 100 µg/mL 

macrophage colony stimulating factor (M-CSF) was added. 

Cells were allowed to grow for 7 days in a 5% CO
2
 atmosphere, 

with a change in medium at day 4 with addition of M-CSF.

For isolation of autologous T cells, mononuclear cells 

were similarly isolated from the same individuals. CD4+ 

and CD8+ T cells were isolated by negative sorting using 

magnetic sorting as per the manufacturer’s instructions (Life 

Technologies).

For antigen-presentation assays, 2×103 hmoM per well 

was plated in 96-well plates in complete DMEM and allowed 

to adhere for 2 hours. TT-loaded PCL NPs were added at 

an antigen concentration of 10 µg/mL. Control wells had 

pure TT or alum-adjuvanted TT (Central Research Institute,  

Kasauli, India) at the same concentrations as above. The 

cells were then incubated for 24 hours in a CO
2
 incubator 

for antigen presentation to occur. Wells were then washed 

with PBS (pH  7.2) three times and once with serum-free 

DMEM. Fifty microliters of 1% (w/v) paraformaldehyde in 

PBS was then added for 15 minutes to fix the macrophages. 

Paraformaldehyde was then removed, and 50  µL of 0.1 

M lysine was added for 15 minutes to quench the fixation 

reaction. The cells were then washed three times with com-

plete DMEM and 100 µL of medium was then added. A total 

of 4×105/100 µL CD4+ or CD8+ autologous T cells obtained 

through magnetic sorting were then added to the macrophages 

and incubated for 72 hours at 37°C and 5% CO
2
 atmosphere. 

Culture supernatants were then collected for ELISA of IL-4, 

IL-10, IFN-γ and IL-12 for CD4+ T-cell response, while IL-2 

was assayed for CD8+ T-cell response.

For studying the effect of the NPs alone on macrophage 

polarization, void PCL NPs or PLA NPs were added at 

200 µg/mL to hmoM and incubated for 48 hours in a CO
2
 

incubator. ELISA was performed with the culture supernatant 

for IL-10 and IL-12 response.

Enzyme-linked immunosorbent assay
ELISA was done for estimating the total immunoglobu-

lin G titers of antibodies against TT in the serum of 

immunized animals. The microtiter plate provided in the 

ELISA kit (Cusabio, Wuhan, People’s Republic of China) had 

been precoated with specific antigen, ie, TT. Any antibodies 

specific for the antigen present in the serum of immunized 

mice will bind to the precoated antigen. Following a wash to 

remove any unbound reagent, a substrate solution was added 

to the wells, and color developed in proportion to the amount 

of mouse tetanus antibody bound in the initial step. The color 

development was stopped, and the intensity of the color was 

measured. Values were obtained as milli-international units 

per milliliter (mIU/mL) with reference to a standard curve.

ELISA was also used to measure the IFN-γ and IL-4 levels 

in the supernatant of cultured splenocytes. ELISA was done 

as per manufacturer’s instructions (PeproTech, Rocky Hill, NJ, 

USA). Experiments were done in triplicate, and an average of 

six different experiments were taken for analysis.

Animals
The animal study was approved by the Institute Animal 

Ethics Committee at the All India Institute of Medical 

Sciences, New Delhi. Female Swiss albino mice were taken 

for immunization. The mice were 6–8 weeks old and weighed 

25–30 g. Three routes of immunization with TT-entrapped 

PCL NPs, ie, intramuscular (IM), subcutaneous (SC), and 

intravenous (IV), were taken. Alum-adjuvanted TT and pure 

TT antigen served as positive controls, the doses being 

administered through the conventional IM route. PBS served 

as negative control. A dosage of 10 µg/mL of TT antigen was 

taken for positive controls as well as for the TT-entrapped 

PCL NPs. No booster doses were given postimmunization 

with the first dose. Four mice per group of the immunization 

protocol were killed at the end of 2 months, blood was col-

lected through cardiac puncture, and spleens were isolated 

and put in chilled PBS till isolation of splenocytes.

Isolation of splenocytes
Splenocytes were isolated from freshly removed spleens, 

as previously described.36 The spleens were cut into small 

pieces and teased apart. The pieces were then passed through 

a sterile 40 µm nylon filter mesh (Falcon™ cell strainer; BD 

Biosciences, San Jose, CA, USA), and splenocytes were 

collected in complete RPMI medium. Red blood cell lysis 

buffer was used to lyse the red blood cells.

Flow cytometry
Surface and intracellular staining and in vitro  
culture of cells
Isolated splenocytes were cultured in a 12-well plate  

(2×106 cells/well) and restimulated with TT-loaded PCL 

NPs, alum TT, or pure TT antigen, all at 10 µg/mL doses, 
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for 72 hours. PBS served as negative control while phor-

bol myristate acetate (5 ng/mL)-stimulated cells served as 

positive control. The Golgi transport inhibitor, monensin 

was added to all wells at 1 µM concentration 6 hours prior 

to the termination of the culture. Intracellular staining 

was done as described earlier37 to assess IFN-γ and IL-4 

production in CD4+ and CD8+ cells in the splenocytes of 

immunized mice. A total of 0.5×106 cells were taken in 

200 µL medium for staining in a 96-well plate. Isolated 

cells were incubated directly with fluorescence-labeled 

monoclonal antibodies in staining buffer (PBS + BSA + 

azide) for 15 minutes on ice for surface staining of CD4+ 

and CD8+ cells. After being washed, fixated, and rewashed, 

for the staining of intracellular antigens (IL-4 and IFN-γ), 

cells were permeabilized by using permeabilization buf-

fer (0.3% saponin) after fixation for 30 minutes at room 

temperature with 4% neutral buffered formalin. After being 

washed, cells were transferred in a fluorescence-activated 

cell-sorting (FACS) tube (Falcon; BD Biosciences) for 

data acquisition by a three/four-color flow cytometer 

(FACSCalibur; BD Biosciences). A total of 1×106 cells  

were acquired per sample.

PCL NP drainage to lymph nodes
Rhodamine-B labeled small PCL NP were injected intra-

muscularly in the thigh of mice. After 3 and 7 days, inguinal 

lymph nodes were isolated and put in chilled PBS. Frozen 

sections were immediately cut with a cryotome and observed 

under a fluorescence microscope (Eclipse 600).

Immunofluorescence staining
Isolated inguinal lymph nodes from immunized mice were 

formalin-fixed and paraffin-embedded, and 2–5 µm sections 

were cut. The sections were dual stained with polyclonal 

rabbit primary antibodies against CD8, IFN-γ, or IL-4 

(Biorbyt, Cambridge, UK). Biotinylated secondary antibody 

(Vectastain® Universal Quick Kit; Vector Labs, Burlingame, 

CA, USA) raised in horse against the primary antibodies was 

used after serum blocking. Avidin-conjugated fluorescein 

and avidin-conjugated phycoerythrin were used to detect 

the biotinylated secondary antibody and visualize CD8 and 

IFN-γ or IL-4, respectively.

Statistical analysis
Statistical analysis was done using Prism version 5.04 for 

Windows, (GraphPad Software, La Jolla, CA, USA). A two-

tailed unpaired t-test was used with Welch’s correction for 

comparing cytokine levels. P,0.05 was considered statisti-

cally significant.

Results
Characterization of PCL NPs
PCL NPs were successfully synthesized in the two size ranges 

(mean ± standard deviation [SD]) of 61.2±20 nm (small) 

and 467.6±120 nm (large), and sizes were determined using 

transmission electron microscopy (Figure 1A and B) and 

dynamic light scattering (Figure 1E and F). The zeta potential 

of 60 nm PCL NPs was −3±3.2 mV, and that of 450 nm PCL 

NPs was −14±4.8 mV. They were entrapped with TT antigen. 

For a comparative study, void PLA NPs were synthesized in 

the same size range, with average size (mean ± SD) of 48±32 

nm and 485±127 nm (Figure 1C and D). The zeta potential 

of 50 nm PLA NPs was −20.7±8.84 mV, and that of 480 nm 

PLA NPs was −16.7±6.66 mV.

Loading efficiency, degradation,  
and protein-release kinetics
Small PCL NPs had an antigen-loading efficiency of 

61.66%±16.96%, while large PCL NPs had an average 

loading efficiency of 49.5%±5.45%. Degradation kinetics 

of PCL NPs was studied with scanning electron microscopy, 

and is indicated in Figure S1. Scanning electron microscopy 

images clearly show that small PCL NPs retained their spheri-

cal morphology with some swelling without appreciable 

degradation even at 30 days, while large PCL NPs lost their 

spherical morphology with degradation after 30 days of incu-

bation. Protein-release kinetics from the particles is shown 

in Figure S2. Small PCL NPs showed slow sustained-release 

profiles, whereas large NPs showed a burst release of almost 

50% on day 1.

MTT assay and ROS assay
A cell-viability assay done on the THP1 cell line with MTT 

showed that the synthesized PCL NPs of both sizes were 

nontoxic at the dose tested (Figure 2A), with viability of 

99.34%±0.66% for small and 99.55%±0.15% for large PCL 

NPs. There was no significant ROS generation, as determined 

by H
2
DCFDDA assay (Figure 2B and C). Figure S3 shows 

THP1 cells with internalized rhodamine-labeled small PCL 

NPs at 6 hours of incubation.

Antigen-presentation assay
The results of in vitro antigen-presentation assays using 

hmoM indicated that small PCL NPs caused M1/M2 

polarization of the macrophages and generated a Th1/

Th2-type immune response. Large PCL NPs, on the other 

hand, failed to generate any kind of response. This is 

clearly indicated by the ELISA results. Figure 3 shows the 
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Figure 1 Transmission electron microscopy images of poly-ε-caprolactone nanoparticles (PCL NPs). Small (A), large (B), Polylactic acid NP 50 nm (C) and 500 nm 
(D) NPs. Dynamic light-scattering data of small PCL NPs (E) and large PCL NPs (F).
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comparison of  IL-12 and IL-10 cytokine production, by 

macrophages incubated with either small or large PCL NPs. 

When void small PCL NPs were incubated with hmoM 

for 72 hours, we found significantly higher concentrations 

(P,0.0001) of IL-12 and IL-10 (P=0.0007) in comparison 

to macrophages incubated with large PCL NPs. No such 

polarization of macrophage function was observed when 

PLA NPs of a similar size range were incubated with the 

macrophages.

When TT-entrapped small PCL NPs were used in the 

antigen-presentation assays, CD4+ T cells produced IFN-γ 

in significantly higher amounts compared to the positive 

control, alum TT, while IL-4 and IL-10 secretion was sig-

nificantly less than the positive control (Figure 4A–C). When 

large TT-entrapped PCL NPs were used, CD4+ T cells did 

not produce significant amounts of IFN-γ or IL-4. CD8+ 

T cells produced significant amounts of IL-2 when incubated 

with hmoM that had internalized TT-loaded small PCL NPs 

(Figure 4D). There was no detectable IL-2 production by 

CD8+ T cells when incubated with hmoM that had internal-

ized TT-loaded large PCL NPs.

Flow cytometry and ELISA
The flow-cytometry data of isolated splenocytes indicated 

that antigen-loaded small NPs delivered through the IM and 

SC routes elicited robust IFN-γ response in CD4+ T cells 

(2.655%±0.225%, P=0.0179; 2.205%±0.165%, respectively 

(percentage of positive cells expressed as mean ± standard 

error of mean), as a recall-memory response against the 

immunized antigen, TT (Figure 5A). The IV route did 

not elicit significant IFN-γ secretion in CD4+ cells. IL-4 

production in CD4+ cells was significant in all three routes 

of immunization (Figure 5B). CD8+ cells did not produce 

significant IFN-γ or IL-4 compared to the positive con-

trol alum TT through any of the immunization routes, but 

cytokine secretion was significant compared to the negative 

control (Figure 6). TT-loaded large PCL NPs did not elicit 

significant cytokine responses in either CD4+ or CD8+ T cells. 
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Figure 2 (A) Cell viability measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay on THP1 cells with small and large poly-ε-caprolactone 
nanoparticles (PCL NPs). (B) Study of intracellular reactive oxygen species (ROS) generation in THP1 cells incubated with small PCL NPs showed no detectable green 
fluorescence of the carboxy-2′,7′-dichlorofluorescein diacetate dye, indicating no ROS generation. (C) Positive control.
Abbreviation: h, hours.
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ELISA for detecting IFN-γ and IL-4 levels in the supernatant 

of the cultured splenocytes revealed that IFN-γ and IL-4 were 

produced in significant amounts in cases where immunization 

with small PCL NPs was done through all the three routes 

(Figure 7). Thus, the cytokine milieu in the spleen is overall 

a Th1/Th2 type promoting both CMI and humoral responses 

if immunized with TT-loaded small PCL NPs.

ELISA for measuring anti-TT antibody titers 2 months 

after single injection in mice indicated that only small PCL 

NPs elicited a persistent and prolonged humoral response 

(Figure 8).These NPs delivered through the SC route elicited 

96±5.2 mIU/mL immunoglobulin G titer, while the IM route 

elicited 74±11.3 mIU/mL anti-TT antibody titer. However, 

the IV route of administration of small PCL NPs resulted in 

the lowest antibody titer – 20±3.1 mIU/mL.

PCL NP drainage to lymph nodes
Rhodamine B-labeled small PCL NPs injected IM in 

the thighs of mice were found to drain into the inguinal 

lymph nodes after 3 and 7 days of injection (Figure 9). 

Immunofluorescence staining done on lymph-node sec-

tions isolated from mice immunized with TT-loaded non-

rhodamine B-labeled small PCL NPs showed that CD8+ 

T cells produced significantly more IFN-γ and IL-4 after 
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Figure 4 Enzyme-linked immunosorbent assay for measuring cytokine production from CD4+ T cells cocultured with nanoadjuvant-primed human monocyte-derived 
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Figure 5 Flow-cytometry data of percentage of (A) interferon (IFN)-γ-positive CD4+ T cells and (B) interleukin (IL)-4-positive CD4+ T cells in spleens of immunized mice. 
Gated on total lymphocytes.
Abbreviations: PCL NPs, poly-ε-caprolactone nanoparticles; IM, intramuscular; SC, subcutaneous; IV, intravenous; TT, tetanus toxoid; PMA, phorbol myristate acetate; 
neg cont, negative control.
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Figure 6 Flow-cytometry data of percentage of (A) interferon (IFN)-γ-positive CD8+ T cells and (B) interleukin (IL)-4-positive CD8+ T cells in spleens of immunized mice. 
Gated on total lymphocytes. There was no significant difference between groups immunized with alum tetanus toxoid (TT) and those immunized with TT-loaded small poly-
ε-caprolactone nanoparticles (PCL NPs).
Abbreviations: IM, intramuscular; SC, subcutaneous; IV, intravenous; PMA, phorbol myristate acetate; neg cont, negative control.
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Figure 7 (A and B) Interferon (IFN)-γ and interleukin (IL)-4 levels in supernatant of cultured splenocytes. Significant secretion of IL-4 (A) and IFN-γ (B) is observed from 
total splenocytes from mice immunized with small poly-ε-caprolactone nanoparticles (PCL NPs) through all three routes.
Abbreviations: IM, intramuscular; SC, subcutaneous; IV, intravenous; TT, tetanus toxoid; neg cont, negative control.
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Figure 9 Rhodamine B-labeled small poly-ε-caprolactone nanoparticles draining 
into inguinal lymph nodes after 7 days of intramuscular injection in thighs of mice. 
Magnification 200×.

Figure 10 Immunofluorescence images of inguinal lymph nodes of (A) interferon 
(IFN)-γ-positive CD8+ T cells in mice immunized with small tetanus toxoid-loaded 
poly-ε-caprolactone nanoparticles and (B) interleukin (IL)-4-positive CD8+ T cells. 
(C and D) Negative controls. CD8 is tagged with fluorescein (green), IFN-γ and IL-4 
with phycoerythrin (red). Magnification 200×.
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2 months of immunization compared to the negative control 

(Figure 10).

Discussion
In the present study, we used the US Food and Drug 

administration-approved biocompatible polymer PCL to 

develop NPs with an average diameter of 60 nm and loaded 

a model antigen, TT, in them. PCL degrades at much slower 

rates than other popular polymers like PLA/poly(lactic-

co-glycolic) acid, making it ideal for slow and prolonged 

release of antigens. Microspheres were not preferred, as PCL 

microspheres are known to cause neutrophil activation and 

localized inflammatory responses.38

The study revealed that void PCL NPs by themselves 

can skew the response of macrophages. Small void PCL 

NPs cause significant secretion of IL-12 and IL-10 when 

macrophages internalize them. The small PCL NPs initially 

caused an M1/M2-type polarization of the macrophages. 

Large void PCL NPs do not cause polarization of the 

macrophages. PLA NPs of similar size ranges as PCL NPs 

did not cause macrophage polarization when incubated with 

them. It is likely that this initial skewing of macrophage 

response by small PCL NPs enhances T-cell response for 

efficient protective immunity.

We studied the effect of antigen-loaded PCL NPs on hmoM 

in vitro along with in vivo study of antibody-mediated immu-

nity AMI and CMI response in Swiss albino mice immunized 

through different routes. Following a single dose of IM or SC 

immunization, the mice produced robust AMI and CMI against 

TT for more than 2 months. A single IM injection of com-

mercially available alum-based TT vaccine failed to produce 

significantly detectable AMI and CMI after 2 months.

The fact that the NPs injected IM are able to reach the 

local lymph nodes means that antigen-loaded small PCL NPs 

have access to antigen-presenting cells in the local lymph 

nodes, resulting in efficient direct delivery of antigen to 

T and B cells. Immunofluorescence staining in lymph nodes 

revealed that mice immunized with TT-loaded PCL NPs 

showed higher numbers of CD8+ cells that were positive for 

IFN-γ and IL-4 compared to the negative control 2 months 

postimmunization.

Yue et  al showed that chitosan NPs elicit differential 

cytokine responses with the J774 A.1 murine macrophage 

cell line.39 They reported that nanosized chitosan NPs of 
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about 430 nm diameter promoted the secretion of Th1-specific 

cytokines, while NPs of diameters 1.9 µm and 4.8 µm pro-

duced Th2-specific cytokines. Lucarelli et  al showed that 

SiO
2
 nanoparticles, when incubated with phorbol myristate 

acetate, differentiated human macrophages obtained from the 

myelomonocytic cell line U937 caused strong M1 polarization 

of the macrophages, as indicated by cytokine secretion. Other 

ceramic NPs had little or no effect. They observed that the 

inflammatory and defense capability of macrophages can be 

modulated differently by different types of NPs.40

There is much controversy as to the size of NPs used and 

subsequent immune responses generated when antigens are 

entrapped in them, with literature citing both small and big NPs 

to be as efficient at cross-presentation.41 Xiang et al42 reported 

that 20–200 nm NPs are taken up by endocytosis and are more 

likely to elicit cellular-based immune response, whereas NPs 

with size of 500 nm to 5 µm are taken up by phagocytosis/

macropinocytosis and are more likely to promote humoral 

immune response. However, the nature of material used is the 

most important criteria for the eventual immune responses 

elicited by NPs, as this would determine whether macrophages 

get activated or not after internalizing the material.

The results of the in vivo experiments indicated that not 

only is there a size-dependent immunomodulation toward 

the antigen of interest but also that these responses vary 

significantly with the route of administration of the antigen-

entrapped PCL NPs. Route of administration is known to 

affect the quality of immune response generated with par-

ticulate vaccines.43 The rate of release of antigen is known to 

affect the efficacy of the vaccine, with slow release of antigen 

giving better vaccines compared to fast release of antigens. 

This may have to do with the persistence of the antigen for 

a longer time in circulation. Consequently, efficient CTL 

responses are generated by particulate antigen-delivery sys-

tems compared to the loading of soluble antigens.44

The study conclusively shows the potential of PCL NPs 

in the 60 nm range to effectively induce prolonged protective 

immunity from both humoral and cell-mediated branches of 

immunity, which is difficult to achieve with traditional adju-

vants like aluminum hydroxide and aluminum phosphate.

This preclinical proof-of-concept study in a mouse model 

shows the potential of a PCL-based nanoadjuvant that can 

be loaded with antigen for developing single-shot booster-

free vaccine.

Conclusion
The present study indicates the importance of size and com-

position of NPs in the modulation of immune responses in 

the context of polarization of macrophages and subsequent 

T-cell responses. The study shows that void small PCL NPs 

themselves are capable of macrophage polarization.

There is an NP size-dependent immunomodulation of 

antigenic responses toward TT, which also depends on the 

route of immunization. Small PCL NPs entrapped with TT 

are able to generate long-lasting humoral and CMI responses 

toward TT when mice are immunized through IM and SC 

routes by single injection. PCL NPs are slow to degrade and 

biocompatible, which can be useful for prolonged efficient 

antigen delivery. Thus, this may have good translational 

potential for the development of vaccines with less or no 

requirement for booster dose.
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Figure S1 (A and B) Scanning electron microscopy images of poly-ε-caprolactone nanoparticles (PCL NPs), showing degradation kinetics after 30 days in phosphate-buffered 
saline (pH 7.2). (A) Small PCL NPs; (B) large PCL NPs.
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Figure S2 Protein-release kinetics of (A) small poly-ε-caprolactone nanoparticles (PCL NPs) and (B) large PCL NPs (pH 7.2).

Figure S3 Confocal image of THP1 cells showing rhodamine-labeled small poly-ε-caprolactone nanoparticles internalized by the cells after 6 hours of incubation.
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