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Abstract: The aim of this research was to develop a targeted antigen–adjuvant assembled 

delivery system that will enable dendritic cells (DCs) to efficiently mature to recognize antigens 

released from tumor cells. It is important to target the DCs with greater efficiency to prime 

T cell immune responses. In brief, model antigen, ovalbumin (OV), and monophosphoryl 

lipid A adjuvant were encapsulated within the nanoparticle (NP) by double emulsification 

solvent evaporation method. Targeted NPs were obtained through ligand incorporation via 

physical adsorption or chemical conjugation process. Intracellular uptake of the NPs and the 

maturation of DCs were evaluated with flow cytometry. Remarkably, the developed delivery 

system had suitable physicochemical properties, such as particle size, surface charge, OV 

encapsulation efficiency, biphasic OV release pattern, and safety profile. The ligand modified 

formulations had higher targeting efficiency than the non-tailored NPs. This was also evident 

when the targeted formulations expressed comparatively higher fold increase in surface activa-

tion markers such as CD40, CD86, and major histocompatibility complex class II molecules. 

The maturation of DCs was further confirmed through secretion of extracellular cytokines 

compared to control cells in the DC microenvironment. Physicochemical characterization of 

NPs was performed based on the polymer end groups, their viscosities, and ligand-NP bond-

ing type. In conclusion, the DC stimulatory response was integrated to develop a relationship 

between the NP structure and desired immune response. Therefore, the present study narrates 

a comparative evaluation of some selected parameters to choose a suitable formulation useful 

for in vivo cancer immunotherapy.
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Introduction
Cancer is the most detrimental disease in first world nations as well as developing 

countries. The goal of cancer therapy is to eradicate tumor cells without affecting 

normal healthy cells.1 Moreover, therapeutic approaches are smartly chosen based 

on their selective targeting of malignant cells. Nowadays, novel treatment options 

like immunotherapy have excelled with favorable outcomes and limited side effects. 

It is a well-accepted complementary intervention for patients with weakened immune 

system resulting from long-term cancer treatments. It has the potential to augment the 

therapeutic response with synergistic efficacy when combined with other treatment 

modalities.2 The immunotherapeutic approach appears as an ideal treatment option 

due to its unique mechanism of action.3

A cancer patient receives immunotherapy through therapeutic vaccine that induces 

antigen-specific T cells and tumor relevant chemokine receptors but avoids attraction 
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of tumor-induced suppressor cells and their expansion.4 This 

type of vaccine aims in the clonal expansion of cytotoxic 

T cells that identifies cancer cells and kills them by sequential 

events of perforin and granzyme release, thereby activating 

the caspase cascade and finally leading to apoptosis.5,6 

On the contrary, clinical trials were found to be ineffective 

initially. Failure in clinical trials is due to the lack of optimal 

immune stimulation (either for mature dendritic cell [DC] 

or suppressive DC), inadequate antigen loading, incorrect 

route of administration and dose, and prior analysis of DC 

transcriptosome.7,8 Therefore, researchers were inspired to 

manipulate DCs with target specific tools to fight the limita-

tion of the immune system to detect cancer. 

In vivo therapeutic vaccination involves the targeted 

delivery of antigen to DCs which will fuse tumor antigen 

to antibody (Ab) specific for a DC receptor. This strategy is 

cost-effective and less laborious compared to ex vivo DC vac-

cines.9 For example, when anti-CD205 Ab is conjugated with 

ovalbumin (OV), the receptor-mediated antigen presentation 

increases significantly for major histocompatibility complex 

(MHC) class I and MHC class II (MHCII). The target CD205 

receptor could continually delete peripheral T cells at steady 

state to establish tolerance and solely provide immunity 

when DCs are matured.10 Whereas, in the case of ex vivo 

vaccination, when DCs are injected, problems such as failure 

to reach lymph node, insufficient amount of injected DCs, 

and disorder of immuno-function due to immunosuppressive 

environments occur. Besides, the molecules in that environ-

ment (CTLA-4, PD-1, CD200, interleukin [IL]-10, TGF-β) 

are capable of inhibiting T cell function by the formation of 

regulatory T cells.11

Nanoparticle (NP)-based delivery systems are popular 

carriers for delivery of antigenic material to antigen-presenting 

cells (APCs).12 To become an ideal delivery system, the 

combination of antigen and adjuvant is very important. 

This cargo system will be able to deliver specific antigen 

to the APCs to manipulate their response.13,14 The present 

study aimed to deliver surface-modified NP to obtain 

immunological responses as mentioned in Figure 1. Surface-

modified NPs possess a hydrophilic layer that tends to 

escape the reticuloendothelial system to reach receptors on 

target APCs, specifically DCs.15

NPs uptake by immature DC

Mature DC

Entrapped
molecules
Adsorbed
molecules

Nanoparticle

Cytokine production Antigen presentation Expression of co-stimulatory markers

Antigen
MHCII

CD40

CD86

Antigen Adjuvant

Figure 1 Graphical representation of NPs uptake by the immature DC and subsequent activation as well as maturation of DC followed by cytokine production, antigen 
presentation, and expression of co-stimulatory markers. 
Abbreviations: DC, dendritic cell; MHCII, major histocompatibility complex class II; NPs, nanoparticles.
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Immunostimulatory particulate delivery systems with 

biodegradable polymers have gained popularity due to their 

size, controlled release properties, and biocompatibility with 

tissues. Poly-lactic-co-glycolide (PLGA)-based delivery 

system has become an interesting strategy for antigen-based 

cancer immunotherapy.16 Biodegradable PLGA is approved 

by the US Food and Drug Administration and European 

Medicine Agency for use in humans.17 The encapsulation of 

protein antigen in the PLGA particle protects the protein from 

degradation in vivo. The antigen-loaded particles release 

antigen in a controlled manner to prolong the availability of 

antigen in vivo. However, the extended release of antigen as 

well as induction of innate and adaptive immune response 

are concerns.18,19

For this study, we have chosen anti-CD205 monoclonal 

Ab (MAb) to target CD205 receptor on DCs because it is 

an extensively studied receptor for antigen delivery.20–22 

The formulations were designed using capped (ester) and 

uncapped (COOH) PLGA, both offering low and high 

viscosity grades. Results are discussed based on a relative 

evaluation of the physicochemical properties, in vitro studies, 

and immunological responses. The purpose of this study was 

to assess several formulations that would be safe to deliver 

their content in a controlled release manner to obtain neces-

sary immunotherapeutic response.23 

Materials and methods
Materials
Monophosphoryl lipid A (MP; molecular weight 

1,763.469  Da) was obtained from Avanti Polar Lipids 

Inc (Alabaster, AL, USA). Ester-terminated PLGA 50:50 

(inherent viscosity [iv] 0.15–0.25 dL/g and 0.55–0.75 dL/g) 

and COOH-terminated PLGA 50:50 (iv 0.18 dL/g and 

0.55–0.75 dL/g) were purchased from LACTEL Absorb-

able Polymers (Birmingham, AL, USA). The ivs chosen 

for the respective end groups were designated as low- and 

high-viscosity ester/COOH-terminated PLGA. Polyvinyl 

alcohol (PVA), bis(sulfosuccinimidyl) suberate (BS), OV 

from chicken egg white (grade V), coumarin-6, alpha 

minimum essential medium (MEM), fetal bovine serum 

(FBS), and bicinchoninic acid (BCA) assay kit were pur-

chased from Sigma-Aldrich Co (St Louis, MO, USA). 

Cell titer nonradioactive cell proliferation assay 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium (MTS) was purchased 

from Promega Corporation (Fitchburg, WI, USA). Biotin 

anti-mouse CD205 MAb was purchased from BioLegend 

(San Diego, CA, USA). JAWSII DC line was obtained 

from American Type Culture Collection (Manassas, VA, 

USA). Granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and slow fade gold antifade mountant with 

4′,6-diamidino-2-phenylindole (DAPI) were purchased 

from Thermo Fischer Scientific (Waltham, MA, USA). 

Anti-mouse CD16/CD32 MAb (Fc blocker), CD40, CD86, 

MHCII Abs, and their respective isotype controls were 

purchased from BD Biosciences (San Jose, CA, USA). 

Murine interferon-γ (IFNγ), IL12p70, IL-6, and tumor 

necrosis factor (TNF)-α enzyme-linked immunosorbent 

assay (ELISA) kits were purchased from eBioscience (San 

Diego, CA, USA). All other reagents such as ethyl acetate, 

methanol, sodium hydroxide (NaOH), and sodium dodecyl 

sulfate (SDS) were of analytical grade.

Methods
Preparation, surface modification, and quantification 
of coumarin-6-loaded NPs
PLGA NPs were prepared using the oil/water emulsification 

solvent evaporation technique as previously mentioned.24 

Briefly, 6.5% (w/v) PLGA was dissolved in ethyl acetate 

solvent. Subsequently, 100 µg of coumarin-6 was added 

to this organic phase. The organic phase was transferred 

in drops into the aqueous phase comprising 2.2% PVA. 

To obtain pre-activated NPs, BS was present in the aqueous 

PVA solution. The resulting primary emulsion was stirred, 

washed, and resuspended in water. Cryoprotectant (10% 

sucrose) was added to obtain aggregation-free lyophilized 

NPs.25 The freeze-dried NPs were surface modified with 

anti-CD205 Ab via adsorption (AD) and covalent (COV) 

attachment process as mentioned previously.26 Briefly, 20 mg 

of NPs were taken and dispersed in phosphate-buffered saline 

(PBS; pH 7.2), followed by stirring (4°C, 4 hours) and wash-

ing of unattached anti-CD205 Ab. The amount of Ab was 

quantified by BCA assay.27

The amount of coumarin-6 was quantified by fluorimetry 

using a microplate reader with an excitation wavelength at 430 

nm and an emission wavelength at 485 nm. First, coumarin-6-

loaded NPs were dispersed in dichloromethane for 24 hours.28 

The supernatant was collected after washing the NPs twice by 

centrifugation. A standard curve of coumarin-6 was obtained 

in the concentration ranging from 0.78 to 100 μg/mL.25 The 

encapsulation efficiency (EE) and loading of coumarin-6 were 

calculated based on the following equations:29

Coumarin- loading
Amount of loaded coumarin- ( g

Amount
6

6
=

µ )

oof polyme
(mg)

r, coumarin-6 
and other excipients 
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Preparation, surface modification, and quantification 
of OV-loaded NPs
OV-loaded NPs were prepared by water/oil/water double 

emulsification solvent evaporation method as previously 

described.30 In brief, 100% OV in PBS solution was trans-

ferred to PLGA-ethyl acetate solution (6.5%). MP (200 µg) 

dissolved in 1:4 methanol–chloroform mixture was added to 

the PLGA mixture for the formulations with MP. The soni-

cated primary emulsion was added to 2.2% of PVA to form 

a secondary emulsion. Once the organic solvent evaporated, 

the suspension was washed twice, freeze-dried, and stored at 

−20°C. All the formulations were cryopreserved with 10% 

sucrose solution.14

Surface modification of OV-loaded NPs was carried out 

using physical AD and COV attachment method as mentioned 

in the “Preparation, surface modification, and quantification 

of coumarin-6-loaded NPs” section. The amount of OV in 

NPs was quantified using BCA assay.31 Briefly, 5 mg of NPs 

were re-dispersed in 3 mL of 0.05 M NaOH containing 1% 

SDS. The suspension was incubated overnight in an orbital 

shaker. Next day, the supernatant was collected after cen-

trifugation. Samples were placed in a 96-well plate (Corning 

Costar; Corning Inc, Corning, NY, USA), and absorbance 

was measured at 565 nm using a microplate reader. The result 

was compared with a standard curve obtained by OV in the 

concentration range of 15.6–1,000 μg/mL.30,32

Cell viability assay
DCs were seeded at a density of 10,000 cells per well in 96-well 

plates with complete media containing alpha MEM, 20% 

FBS, 5 ng/mL GM-CSF, and 1% penicillin–streptomycin– 

amphotericin B cocktail.33 For the assay, MTS reagent was 

used following the manufacturer’s directions. Briefly, NP 

suspension was diluted in complete medium and 20 µL of 

each dilution containing 1 mg/mL OV was added in triplicate 

wells. The samples were incubated for 72 hours. After that, 

10 µL of MTS reagent was added to each well and the plate 

was incubated again for 2 hours at 37°C. The absorbance was 

measured at 490 nm with a microplate reader.34 

OV release study
In vitro release studies of OV from PLGA NPs were carried out 

by incubating a specific amount of NPs in 2 mL of PBS at 37°C 

with agitation. At predetermined times (for a total of 20 days), 

the suspension was centrifuged. OV-containing supernatants 

were collected and stored at −20°C. Later, the protein present 

in samples was determined by BCA assay and read with a 

microplate reader at 565 nm.35

DC uptake study
DCs were treated with different formulations of coumarin-

6-loaded NPs. DCs were harvested after 24 hours of 

incubation with the formulations. The cells were washed 

with ice-cold fluorescence activated cell sorting (FACS) 

buffer to remove non-internalized NPs. About 2×105 cells 

were incubated with anti-mouse Fc blocker for 15 minutes. 

The suspension was then washed with FACS buffer. Test 

groups were surface modified NPs and non-modified NPs. 

Untreated cells were used as negative control. Fold increase 

in DC uptake was calculated by dividing the mean fluo-

rescence intensity (MFI) of coumarin-6-positive cells (test 

groups) by untreated cells. All samples were acquired on a 

BD FACS Calibur machine (BD Biosciences) and analyzed 

using Kaluza flow software (Beckman Coulter, Brea, CA, 

USA).30 For all flow cytometry analysis, cell debris and small 

particles were excluded by setting a gate on the dot plot of 

side scattering and forward scattering. A total of 10,000 gated 

events were used for the analysis. The detector was adjusted 

in a way so that the negative population appears in the first 

logarithmic decade.

Intracellular localization of NPs analyzed by confocal 
laser scanning microscopy (CLSM)
About 5×106 DCs were seeded in a six-well plate. After 

stabilization for 2 hours, the DCs were treated with coumarin-

6-loaded NPs. After overnight incubation, the cells were 

washed with PBS and fixed with 4% paraformaldehyde 

solution for 20 minutes. The cell nuclei were then counter-

stained for 20 minutes with DAPI (1 mg/mL). Cells were 

examined under fluorescence microscopy (IX71-F22FL/PH; 

Olympus Corporation, Tokyo, Japan). Finally, the uptake was 

visualized in a glass bottom Petri dish with CLSM (LSM 510 

Meta; Carl Zeiss Meditec AG, Jena, Germany).36

Characterization of surface phenotype 
by flow cytometry
Different NP formulations were incubated overnight with 

about 5×105 DCs in six-well plates. After overnight incu-

bation, about 2×105 DCs were collected. Then, cells were 

washed thoroughly and incubated with Fc blocker to block 

any nonspecific binding. Next, the cells were stained with 

phycoerythrin conjugated specific Abs for CD40, anti-CD86, 

or MHCII for 30 minutes at 4°C. The isotype standard for 

each maturation marker was also used to measure background 
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fluorescence intensity.37 Lipopolysaccharide (LPS) 1 µg/mL 

was used as positive control, and an unstimulated cell was 

used as negative control. NP-DC samples were acquired on 

a FACS Calibur machine and analyzed using CellQuest Pro 

software (BD Biosciences).

Detection of cytokine secretion
The supernatants from the DC culture were stored at −20°C 

for analysis of the level of IL-12, IL-6, IFNγ, and TNF-α 

using commercially available ELISA kits. The samples were 

then placed in a 96-well microplate using a microplate reader 

at 450 nm (background 570 nm) according to the manufac-

turer’s instructions.37 The minimum detection levels of the 

cytokines were 15, 4, 15, and 15 pg/mL for IL-12, IL-6, IFNγ, 

and TNF-α, respectively.

Statistical analysis
Data are given as mean ± standard deviation, and statistical 

significance was determined by Student’s t-test. Values 

of p,0.05 were considered statistically significant unless 

specifically mentioned. Data were analyzed using GraphPad 

Prism 5.03 software (GraphPad Software, Inc, La Jolla, 

CA, USA).

Results
Characterization of coumarin-6-loaded 
plain and Ab-modified NPs
Table 1 summarizes the NP size, polydispersity index (PDI), 

zeta potential (ZP), EE, and coumarin-6 loading (per mg 

of NPs). The particle size of plain NPs ranged from 121±5 

to 162±5 nm. All the formulations were cryopreserved 

with 10% sucrose. Following Ab attachment (both AD and 

COV), the particle size ranged from 201±10 to 562±5 nm. 

The increase in polymer viscosity in turn increased both 

particle size and PDI although they were not significantly 

different. The EE of coumarin-6 ranged from 73.91%±2.87% 

to 88.13%±2.01% for plain NPs and 64.13%±2.98% to 

73.75%±0.99% for Ab-modified formulations. The presence 

of BS did not show any effect on the formulations. Moreover, 

particle size demonstrated a significant relationship with PDI, 

ZP, EE, and loading of coumarin-6 (***p,0.05). The for-

mulations (plain and modified) had ZP values of −8.32±0.19 

to −1.93±0.18 mV. No significant relation within the groups 

was observed.

DC uptake study
A quantitative uptake of coumarin-6-loaded NPs by DCs 

is represented in Figure 2A and B. Treatment of DCs with 

Ab-modified NPs allowed higher uptake of particles com-

pared to non-modified NPs as found in other studies.30 As 

shown in Figure 2A(a–h), compared to untreated cells (con-

trol), a clear significant shift for MFI toward the right for 

coumarin-6-loaded NPs was observed in all the histograms. 

Moreover, the highest shift was visible when Ab was present 

in the formulation.

The bar diagrams in Figure 2B represent the compara-

tive fold increase in MFI for all the treatment groups. For 

example, there was a significant increase in MFI for the 

Table 1 Particle size, PDI, ZP, EE of coumarin-6 (%), and coumarin-6 loading (μg/mg) of COOH and ester terminated NPs before and 
after Ab attachment (n=3)

Formulation Size ± SD (nm) PDI ± SD ZP ± SD (mV) EE of  
coumarin-6 ± SD (%)

Coumarin-6  
loading ± SD (μg/mg)

0.18C-NP 132±7 0.12±0.03 -8.01±0.52 73.91±2.87 16.78±0.71
0.55C-NP 141±7 0.23±0.09 -7.01±0.74 75.37±3.12 22.26±2.20
0.15E-NP 129±4 0.24±0.05 -6.02±0.34 81.63±0.32 23.18±1.90
0.55E-NP 137±3 0.26±0.03 -5.87±0.54 83.13±0.67 24.20±3.60
0.18C-BS-NP 121±5 0.26±0.03 -7.23±0.11 81.90±2.38 11.59±0.99
0.55C-BS-NP 143±6 0.32±0.03 -8.32±0.19 83.83±4.02 15.91±0.12
0.15E-BS-NP 144±3 0.25±0.04 -6.32±0.11 79.18±1.98 21.78±0.34
0.55E-BS-NP 162±5 0.26±0.06 -7.91±0.26 88.13±2.01 25.80±1.21
Ab-0.18C-NP 263±7 0.30±0.03 -2.22±0.01 67.13±1.19 8.01±0.78
Ab-0.55C-NP 340±4 0.36±0.05 -1.93±0.18 73.75±0.99 10.14±0.19
Ab-0.15E-NP 276±6 0.32±0.07 -2.54±0.21 70.15±1.25 11.26±0.54
Ab-0.55E-NP 402±9 0.33±0.02 -2.34±0.12 71.23±0.91 12.68±0.44
Ab-0.18C-BS-NP 201±10 0.36±0.04 -7.42±0.21 70.25±1.46 10.77±1.84
Ab-0.55C-BS-NP 443±6 0.42±0.03 -6.27±0.22 72.79±3.24 12.86±0.54
Ab-0.15E-BS-NP 474±3 0.35±0.04 -5.31±0.14 64.13±2.98 9.75±0.62
Ab-0.55E-BS-NP 562±5 0.46±0.06 -5.11±0.68 69.83±2.57 15.82±0.27

Abbreviations: Ab, antibody; BS, bis(sulfosuccinimidyl) suberate; C, COOH; E, ester; EE, encapsulation efficiency; NPs, nanoparticles; PDI, polydispersity index;  
SD, standard deviation; ZP, zeta potential.
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Figure 2 (Continued)
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Figure 2 (Continued)
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Ab adsorbed COOH (0.18 iv) terminated NPs compared to 

the plain unmodified formulations (***p,0.05). For these 

two groups, the fold increase in MFI was 30 [Plain NP] and 

89 [NP-AD] compared to control (***p,0.05). Similarly, 

COV attached 0.18 iv COOH terminated NPs [NP-COV] 

showed a significantly higher fold increase in MFI (77) 

compared to that (MFI 18) of plain unmodified formula-

tions [Plain-BS-NP] (***p,0.05). However, COV attached 

formulation of these PLGA NPs [NP-COV] had lower MFI 

than its Ab adsorbed [NP-AD] formulations (**p,0.05). 

A similar trend was observed for the high viscosity COOH 

terminated PLGA NPs and fold increase in MFI for [Plain 

NP], [NP-AD], [Plain-BS-NP], and [NP-COV] was 60, 

121, 57, and 110, respectively. In addition, when comparing 

between two viscosity grades, the high viscosity formula-

tions showed significantly higher fold increase in MFI com-

pared to the low viscosity COOH terminated formulations 

(***p,0.05).

For ester-terminated NPs, there was a significant differ-

ence for fold increase in MFI for the plain and Ab-modified 

formulations (***p,0.05). The BS containing 0.15 iv 

ester formulations had comparatively higher fold increase 

in MFI when compared with the formulations without BS 

(***p,0.05). The fold increase in MFI for [Plain NP], 

[NP-AD], [Plain-BS-NP], and [NP-COV] of low viscosity 

ester terminated PLGA NPs was 27, 45, 67, and 129, 

respectively. When comparing between the [Plain NP] 

and [NP-AD] formulations of high viscosity ester PLGA, 

[NP-AD] formulations showed 179 times higher fold increase 

in MFI (***p,0.05). A similar result was observed for Ab-

adsorbed ester-ended NPs of the two viscosity grades. When 

both viscosities of ester-terminated NPs were compared, the 

high-viscosity [NP-COV] formulations did not necessarily 

show a higher fold increase in MFI as observed for its 

low-viscosity grade. Among the low-viscosity PLGA NP 

formulations, 0.15E-COV had the highest targeting efficiency 

as represented in Figure 2B.

Figure 2C represents the intracellular localization of 

coumarin-6-loaded NPs (green color) that was further 

confirmed by CLSM. The images show that anti-CD205 

Ab-modified NPs had comparatively higher uptake of NPs 

by DCs than unmodified NPs.

Characterization of OV/OV-MP-loaded 
plain and Ab-modified NPs
Table 2 represents the NP size, PDI, ZP, EE, and load-

ing (per mg of NPs) of OV. The size of OV-, OV-MP-, 

Ab-OV-, and Ab-OV-MP-loaded PLGA NPs were within 

171±3, 159±4, 501±9, and 486±4 nm, respectively. The 

ZP for all Ab free OV and OV-MP NPs ranged from 

−27.1±0.77 to −18.42±0.03 mV. The integration of Ab 

reduced the overall negative surface charge of NPs. For the 

Figure 2 Uptake study with OV-loaded NPs. 
Notes: (A) The effect of antibody-decorated PLGA NPs on DC uptake assessed by flow cytometry. (a–d) Overlay of the histograms of untreated cells (red), cells treated 
with plain NPs (green), and cells treated with Ab-modified NPs (purple) for 0.18 iv COOH and 0.55 iv COOH groups with and without BS. (e–h) Overlay of the histograms 
representing DC uptake of 0.15 iv ester- and 0.55 iv ester-terminated NPs being formulated with and without BS. Histograms are representative of three individual 
experiments. (B) Bar diagram showing comparative fold increase in MFI of plain NPs and DCs treated with Ab-modified formulations for 0.18 iv COOH, 0.55 iv COOH, 0.15 
iv ester, and 0.55 iv ester-terminated NPs, respectively. MFI for different NPs has been compared considering untreated cells (coumarin-6 only) as 1. All the studies were 
done in triplicate (p,0.05). (C) Representative overlapped CLSM images for coumarin-6 loaded NPs (0.18 iv COOH only) in DCs. Blue color represents the DAPI-stained 
nuclei which are encompassed by green fluorescence for the groups treated with coumarin-6-loaded NPs.
Abbreviations: Ab, antibody; AD, adsorption; BS, bis(sulfosuccinimidyl) suberate; C, COOH; CLSM, confocal laser scanning microscopy; COV, covalent; DAPI, 4′,6-
diamidino-2-phenylindole; DC, dendritic cell; E, ester; iv, inherent viscosity; MFI, mean fluorescence intensity; NPs, nanoparticles; OV, ovalbumin; PLGA, poly-lactic-co-
glycolide.
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Ab-modified formulations, the zeta values ranged from 

1.31±0.17 to 4.54±0.21 mV. Good reproducibility in size 

and ZP was observed for different batches of NPs. The 

PDI, ZP, EE, and OV loading had significant relationship 

with particle size (***p,0.05). The OV EE for the OV/

OV-MP NPs and Ab-modified OV/OV-MP NPs were within 

59.15%±1.56% and 45.24%±0.09%, respectively. There 

was no significant difference within groups as analyzed 

by statistical software.

OV release study
The in vitro release study for OV-loaded NPs demon-

strated a substantial effect on release percentage depending 

on the polymer’s molecular weight and type. After 12 hours, 

the cumulative release of OV from low- and high-viscosity 

COOH-terminated NPs was 39.88% and 30.87%, respec-

tively (Figure 3A). Similarly (after 12 hours), OV release 

for the low- and high-viscosity ester-terminated NPs was 

31.49% and 26%, respectively (Figure 3A). The release 

following 12 hours was significantly higher than the initial 

(first hour) release (*p,0.05). After day 7, the release of 

OV from both COOH- and ester-terminated NPs increased 

cumulatively (Figure 3B; *p,0.05). About 2 weeks were 

required to release about 50% of the OV from the high-

viscosity PLGA NPs (COOH . ester; *p.0.05); whereas, 

low-viscosity PLGA NPs were found to release 50% of OV 

within 24 hours (COOH ended) and 7 days (ester ended). 

However, all OV-loaded PLGA NPs exhibited biphasic 

behavior over 20 days of release study as represented 

in Figure 3.23

Table 2 Particle size, PDI, ZP, EE of OV (%), and OV loading (μg/mg) of COOH and ester terminated NPs before and after Ab 
attachment (n=3)

Formulation Size ± SD (nm) PDI ± SD ZP ± SD (mV) EE of OV ± SD (%) OV loading ± SD 
(μg/mg)

0.18C-OV-NP 150±5 0.22±0.89 -22.55±0.32 45.68±1.01 63.21±2.11
0.55C-OV-NP 156±2 0.21±0.11 -24.76±0.42 46.21±3.11 62.56±3.60
0.15E-OV-NP 170±6 0.32±0.03 -20.11±0.32 41.86±0.98 67.18±3.50
0.55E-OV-NP 171±3 0.31±0.06 -19.11±0.87 42.13±2.54 70.33±2.80
0.18C-OVMP-NP 141±2 0.26±0.01 -19.01±0.56 39.01±1.35 53.11±1.44
0.55C-OVMP-NP 145±5 0.32±0.03 -26.21±0.25 45.73±2.91 59.27±1.21
0.15E-OVMP-NP 151±3 0.36±0.06 -19.16±0.15 41.45±1.46 57.16±2.98
0.55E-OVMP-NP 152±6 0.21±0.07 -20.01±0.61 52.62±5.22 62.64±1.64
0.18C-BS-OV-NP 141±6 0.25±0.91 -27.1±0.77 38.03±2.38 65.42±2.90
0.55C-BS-OV-NP 143±2 0.31±0.04 -24.02±0.07 40.55±1.25 65.91±0.52
0.15E-BS-OV-NP 144±9 0.21±0.07 -21.03±0.55 51.12±0.74 62.09±0.24
0.55E-BS-OV-NP 163±8 0.31±0.09 -19.1±0.48 48.13±0.91 68.48±2.27
0.18C-BS-OVMP-NP 156±7 0.24±1.20 -25.11±0.44 49.10±0.43 51.65±0.56
0.55C-BS-OVMP-NP 159±4 0.21±0.98 -24.11±0.35 55.42±0.21 54.11±4.15
0.15E-BS-OVMP-NP 144±9 0.23±0.34 -18.42±0.03 56.11±0.55 49.01±1.33
0.55E-BS-OVMP-NP 151±2 0.36±0.14 -19.45±0.56 59.15±1.56 51.35±0.46
Ab-0.18C-OV-NP 323±3 0.31±0.09 1.31±0.17 31.13±1.10 39.91±1.21
Ab-0.55C-OV-NP 330±1 0.36±0.02 2.95±0.18 33.75±0.91 40.14±0.19
Ab-0.15E-OV-NP 376±5 0.30±0.17 4.54±0.21 30.15±1.01 32.57±0.74
Ab-0.55E-OV-NP 379±2 0.30±0.03 3.32±0.43 30.23±2.90 49.58±0.47
Ab-0.18C-OVMP-NP 413±6 0.31±0.9 3.13±0.11 39.04±1.25 42.15±1.52
Ab-0.55C-OVMP-NP 461±3 0.31±0.05 2.91±0.34 35.53±2.21 44.11±1.46
Ab-0.15E-OVMP-NP 421±1 0.28±0.41 2.97±0.34 35.21±1.15 39.16±2.21
Ab-0.55E-OVMP-NP 486±4 0.34±0.25 4.25±0.52 42.56±2.56 40.15±3.11
Ab-0.18C-BS-OV-NP 401±1 0.21±0.31 1.92±0.01 41.46±0.61 39.01±0.56
Ab-0.55C-BS-OV-NP 501±9 0.23±0.21 1.45±0.15 40.42±0.36 40.15±0.62
Ab-0.15E-BS-OV-NP 337±5 0.31±0.52 1.67±0.01 40.46±0.11 37.90±0.42
Ab-0.55E-BS-OV-NP 487±3 0.21±0.62 3.51±0.03 45.24±0.09 42.15±0.55
Ab-0.18C-BS-OVMP-NP 380±1 0.31±0.09 1.42±0.04 29.01±2.01 40.15±0.91
Ab-0.55C-BS-OVMP-NP 419±4 0.29±0.05 1.99±0.13 34.11±0.23 42.43±0.55
Ab-0.15E-BS-OVMP-NP 324±3 0.31±0.04 3.22±0.11 36.21±0.93 40.11±0.21
Ab-0.55E-BS-OVMP-NP 407±9 0.39±0.06 1.87±0.02 39.01±0.14 41.45±0.91

Abbreviations: Ab, antibody; BS, bis(sulfosuccinimidyl) suberate; C, COOH; E, ester; EE, encapsulation efficiency; MP, monophosphoryl lipid A; NPs, nanoparticles; OV, 
ovalbumin; PDI, polydispersity index; SD, standard deviation; ZP, zeta potential.
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Figure 3 Cumulative percentage release of OV from different PLGA-graded NPs over a time period of 20 days. 
Notes: The line diagram represents the release profile of 0.18 iv COOH-terminated, 0.55 iv COOH-terminated, 0.15 iv ester-terminated, and 0.55 iv ester-terminated 
PLGA-OV NPs in PBS (pH 7.4) at 37°C. (A, B) Initial burst release and sustained release of OV, respectively. n=3.
Abbreviations: D, day; iv, inherent viscosity; NPs, nanoparticles; OV, ovalbumin; PBS, phosphate-buffered saline; PLGA, poly-lactic-co-glycolide.

Cell viability assay
Cells treated with DCs were about 79%–93% viable at an OV 

concentration of 0.5 mg/mL.38 Plain NPs without OV were 

less toxic with about 90%–100% viability as mentioned 

previously.24 Soluble OV showed reasonable toxicity to DCs 

(79.34%). No significant reduction of viability was observed 

due to the presence of MP in the formulations as represented 

in Figure 4.
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Effect of surface modification with 
anti-CD205 Ab on DC maturation
The study groups were untreated DCs (negative control), DCs 

treated with LPS 1 µg/mL (positive control), and DCs treated 

with OV and OVMP-NPs (test groups). Figures 5 and 6 

represent the comparative expressions of maturation markers 

(CD40, CD86, and MHCII). For all treatment groups, DCs 

were incubated with variable amounts of NPs containing a 

constant amount of loaded OV. It is evident that the presence 

of anti-CD205 Ab in formulations increases MFI and the 

percentage of positive cells compared to untreated DCs 

(**p,0.05).31 As represented in Figure  5A, Ab-adsorbed 

low-viscosity COOH-terminated NPs showed higher 

expression of all three markers (*p,0.05). As a result, the 

Ab-adsorbed OV-MP low-viscosity COOH-terminated NPs 

showed higher upregulation of all the markers (CD40 MFI: 

68.80, CD86 MFI: 132.75, and MHCII MFI: 279.03) com-

pared to their COV Ab-attached groups (CD40 MFI: 58.51, 

CD86 MFI: 78.64, and MHCII MFI: 131.48; Figure 5A). 

Considering the comparative fold increase in MFI for the 

same PLGA type, the Ab-modified high-viscosity COOH-

terminated OV/MP-loaded NPs followed a similar trend 

as its low-viscosity grade. The highest maturation of DCs 

was obtained with 0.18C-OVMP-AD-NPs that showed 5-, 

7-, and 9-fold increase in MFI for the expression of CD40, 

CD86, and MHCII molecules compared to the unstimulated 

cells, respectively (Figure 6A). Following similar trend as 

low viscosity, Ab-adsorbed formulations of high-viscosity 

COOH-terminated NPs showed higher expression of all three 

markers (Figures 5B and 6B). 

For ester-terminated NPs, 0.15E-OVMP-COV-NPs 

showed superior expression of activation markers than 

0.15E-OVMP-AD-NPs. Simultaneously, the percentage 

of CD40+ cells and MFI was higher for the 0.15 iv 

ester-terminated OV/MP-modified NPs (Figure 5C). For 

example, 0.15E-OVMP-COV-NPs expressed 4-, 5-, and 

7-fold increase in MFI than the 0.15E-OVMP-AD-NPs 

(Figure 6C). Between the two viscosities of ester-terminated 

PLGA NPs, a similar trend as the COOH-terminated OV/MP 

formulations was observed. Figures 5D and 6D represent the 

histogram and bar diagrams for the 0.55 iv ester-terminated 

PLGA NPs. 

Presence of MP in all these formulations showed a 

significant change in MFI and the percentage of positive 

cells compared to untreated cells (*p,0.05). It is worth 

mentioning that both high-viscosity PLGAs NPs showed 

Figure 4 Cell viability (MTS assay) study of DCs treated for 72 hours with OV containing PLGA NP formulations (n=3). 
Note: The treated OV concentration in NPs was 1 mg/mL for a cell density of 10,000.
Abbreviations: AD, adsorption; BS, bis(sulfosuccinimidyl) suberate; C, COOH-ended PLGA; COV, covalent; DCs, dendritic cells; E, ester-ended PLGA; MP, monophosphoryl 
lipid A; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; NP, nanoparticle; OV, ovalbumin; PLGA, poly-lactic-co-glycolide.

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

378

Jahan et al

Figure 5 (Continued)

lower expression of three markers in comparison with their 

low-viscosity subtype. When comparing the effect of PLGA 

viscosity on maturation, the low-viscosity formulations 

showed comparatively higher shift in MFI.

Cytokine secretion profile
In parallel to the phenotypic upregulation of co-stimulatory 

molecules, mature DCs also secreted immunological 

playmakers such as IL-12, IL-6, IFNγ, and TNF-α upon 

exposure to free OV, OV-MP, Ab-AD, and Ab-COV NP 

groups.39 Figure 7 shows the secretion of cytokines in the 

DC supernatants upon stimulation with titrated amount 

of NPs. There was consistently high secretion of cytok-

ines by the anti-CD205 Ab modified OVMP-NPs within 

similar groups (Figure 7A–H). The highest amount of IL-12 

(2,165.22±215 pg/mL) was secreted after DC stimulation 
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Figure 5 Effect of CD205 antibody-modified PLGA NPs on the upregulation of CD40, CD86, and MHCII molecule upon DC maturation. 
Notes: Untreated DC was used as negative control. After 24-hour incubation, non-adherent cells were harvested, stained with the antibodies, and analyzed by flow 
cytometry as described in the “Characterization of surface phenotype by flow cytometry” of the method section. Expression of maturation markers by 0.18 iv COOH 
(A), 0.55 COOH (B), 0.15 ester (C), and 0.55 ester (D) terminated PLGA NPs. There are seven groups (control and test) for each of the markers under four PLGA NP 
formulation groups. These are: untreated cells (column 1), MP-NP (column 2), OV-NP (column 3), OV-AD-NP (column 4), OVMP-NP (column 5), OVMP-AD-NP (column 6), 
OVMP-COV-NP (column 7). The top and bottom numeric values on the histograms represent percentages of positive cells and MFI for CD40, CD86, and MHCII markers. 
Representative histograms from one of three individual experiments are shown here. 
Abbreviations: AD, adsorption; C, COOH; COV, covalent binding; DC, dendritic cell; E, ester; iv, inherent viscosity; LPS, lipopolysaccharide; MFI, mean fluorescence 
intensity; MHCII, major histocompatibility complex class II; MP, monophosphoryl lipid A; NP, nanoparticle; OV, ovalbumin; PLGA, poly-lactic-co-glycolide.

with 0.18C-OVMP-COV-NPs. Highest amount of IL-6 

(1,343.23±87 pg/mL) and IFNγ (2,691.45±70 pg/mL) was 

detected in the supernatants of 0.18C-OVMP-AD-NPs. This 

was significantly high compared to the minimal secretion of 

the cytokines by free OV-treated DCs (***p,0.05). TNF-α 

concentration was significantly highest with the 0.55C-

OVMP-COV-NPs (2,345.68±322 pg/mL) when compared 

with free OV (***p,0.05).
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Figure 6 (Continued)

Discussion
Coumarin-6 is widely used in uptake studies due to its 

biocompatibility, low leakage rate, and high fluorescence 

activity.40 In this study, coumarin-6-loaded NPs had suit-

able physicochemical properties to perform in vitro cellular 

uptake. All these formulations had an acceptable particle 

size range (121±5 to 562±5 nm; Table 1). Particle size has 

a proportional relationship with the NP uptake.36 Particles 

of 100–200 nm size are usually internalized by receptor 

mediated endocytosis. Larger particles (.500 nm) are taken 

up by phagocytosis process.41 This justifies the higher uptake 

of Ab-modified larger particles that occurred by combina-

tion of mechanisms. The large surface area of these particles 

is beneficial for higher loading of anti-CD205 Ab by AD 
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Figure 6 Bar diagrams representing the fold increase in MFI for DC maturation markers after treatment with 0.18 iv COOH (A), 0.55 COOH (B), 0.15 ester (C), and 0.55 
ester (D) terminated PLGA NPs. 
Note: Results are representative of at least three experiments. 
Abbreviations: AD, adsorption; C, COOH; COV, covalent binding; DC, dendritic cell; E, ester; iv, inherent viscosity; MFI, mean fluorescence intensity; MP, monophosphoryl 
lipid A; NPs, nanoparticles; OV, ovalbumin; PLGA, poly-lactic-co-glycolide.

mechanism.3 Consequently, anti-CD205 Ab-coated NPs 

had a greater affinity for DCs than other blood opsonins.42 

This distinct surface modification escapes the body’s natural 

defense systems with improved circulation time and better 

chance to reach the target cells.43 Bar diagrams in Figure 2B 

represent the comparative change in MFI when coumarin-6 is 

present in the formulations. There was a substantial increase 

in MFI for the high-viscosity COOH-terminated PLGA NPs 

because these formulations encapsulated more coumarin-6 

compared to low-viscosity PLGA formulations (Figure 2). 
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Figure 7 (Continued)

On the contrary, BS-embedded low-viscosity ester-terminated 

NPs showed higher uptake compared to the high-viscosity 

ester formulations. This could be attributed to PLGA ero-

sion and exposure of entrapped Abs in low-viscosity ester-

terminated NPs.44 Relatively lower uptake in high-viscosity 

ester formulations (with BS) could be due to less embedment 

of BS available for linking with anti-CD205 Ab (Figure 2B). 

Moreover, masking of BS with the hydrophobic PLGA chain 

could also contribute to the lower uptake of high-viscosity 

ester formulations.26 Lower encapsulation of coumarin-6 

was also observed in the BS-containing NPs, which justi-

fies the lower MFI. Accordingly, the targeting efficiency 

of 0.55E-AD NPs was the highest (179 times vs 30) when 

compared with their unmodified NPs. 

Physicochemical properties of NPs are also important 

to correlate with the desired immune response. Table 2 

represents the cationic charged NPs after Ab conjugation 

with the desired size range (323±3 to 501±9 nm). For sub-

cutaneous vaccine delivery, particle size ranging from 200 to 

500 nm is immunogenic.45 Furthermore, positively charged 

particles are favorable for vaccination and ZP values close to 

zero were likely to result in aggregation.46 Formulations that 

possess a ZP value .+30 mV and ,−30 mV are considered 

colloidally stable. Beyond this range, cryopreservation is 

required to maintain stability during shelf life of the vaccine.47 

In the present study, 10% sucrose was suitable as that resulted 

in aggregation free slightly positive freeze-dried NPs. 

However, particle size and ZP are not the sole determinants 

of immune response in vivo.45 For the ester-terminated 

NPs, the highest EE of OV was with 0.55E-BS-OVMP-NPs 

(59.15%±1.56%), although there was no significant difference 

between the groups. In the case of COOH-terminated  
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α α

Figure 7 Effect of OV/OV-MP NPs for cytokine secretion from mature DCs. 
Notes: Untreated DC was used as negative control. LPS treated DCs were positive control. After 24 hour incubation, DC culture supernatants were analyzed for IFNγ (A, B), 
IL-12 (C, D), IL-6 (E, F), and TNF-α (G, H) secretion. This figure is representative for 0.18 iv COOH-, 0.55 iv COOH-, 0.15 ester-, and 0.55 ester-terminated plain and 
anti-CD205-tailored NPs (n=3; p,0.05). 
Abbreviations: AD, adsorption; C, COOH; COV, covalent binding; DC, dendritic cell; E, ester; IFNγ, interferon-γ; IL, interleukin; iv, inherent viscosity; LPS, lipopolysaccharide; 
MP, monophosphoryl lipid A; NPs, nanoparticles; OV, ovalbumin; TNF, tumor necrosis factor.

NPs, the highest amount of OV was loaded in 0.55C-BS-

OVMP-NP (55.42±0.21 µg/mg of NPs). The ionic interac-

tions between the amine groups of OV and the COOH groups 

of PLGA are responsible for the overall EE.35

PLGA is one of the most popular biodegradable poly-

mers for drug delivery systems.15 The increase in viscosity 

will result in prolonged degradation rate of the polymer.43 

PLGA follows a biphasic release behavior, where its content 

is released from the surface to the medium in the initial phase 

due to its solubility and water penetration into the polymer 

matrix (Figure 3A). In the second phase, progressive drug 

release occurred throughout the time frame by diffusion and 

erosion of the polymer (Figure 3B). The presence of the 

COOH-terminated group results in autocatalysis of the PLGA 

degradation process.44 A similar pattern of PLGA degrada-

tion might have occurred in this study. From the OV release 

study, it could be confirmed that the release of a protein from 

a polymeric matrix in aqueous media slows down due to 

polymer gelation. This change in polymer suspension is favor-

able for sustained release of protein from the NPs in vivo.48 

In addition, the MTS assay shows that incorporating OV in 

the formulations did not show any significant effects on DC 

viability over 72 hours in the culture media (Figure 4).49

To confirm the maturation of DCs, the expression of 

maturation markers (CD40, CD86, and MHCII) and a 

cytokine cocktail (IL-12, IL-6, IFNγ, and TNF-α) was 
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investigated to compare various formulations (Figures 5–7).50 

The maturation of DCs was induced by the OV and OV-MP 

formulations rather than soluble OV. Within 24 hours period, 

about 30% of OV was released from all types of PLGA NPs. 

The expression of stimulatory and co-stimulatory molecules 

for 24 hours was due to the release of OV in the DC microen-

vironment. This is a good indication that the formulations 

would release sufficient amount of OV during the subcutane-

ous injection in the mice model over the 3 weeks period of 

vaccination. The DC maturation was further triggered by MP 

that increased the expression of all three markers, preferably 

in the Ab-tailored NPs.51 MP is able to induce antigen-specific 

immune response without affecting the systems in the body 

(cardiovascular, reproductive, and respiratory). It can boost 

both cell-mediated and humoral immunity when incorporated 

in vaccine formulations.35 The superiority of the Ab-AD 

groups over Ab-COV was also obvious in the formulations 

(with the exception of 0.15 iv ester-terminated NP formula-

tions). This could be attributed to the rapid release of the 

loosely bound surface-linked OV from the OV-AD groups in 

the DC media. Although, Ab-adsorbed OV-MP formulations 

showed better maturation of DCs, both Ab-AD and Ab-COV 

formulations should be administered in the mouse model to 

conclude about their efficacy post-vaccination. 

DCs are stimulated by secreting cytokines after rec-

ognition of certain patterns of pathogens. Secretion of the 

cytokines indicates the signal required for activation of 

T  cells.52 The immunostimulatory effect of formulations 

was evaluated by the levels of various cytokines. The find-

ings of this study reveal that Ab-modified NPs consistently 

showed higher cytokine secretion compared to unmodified 

NPs. Moreover, co-delivery of OV-MP resulted in significant 

secretion of T-helper 1 (Th1)-type cytokines including IL-12, 

IL-6, IFNγ, and TNF-α. It is known that IL-12 influences 

T cell differentiation, which is further regulated by IL-6. 

IL-6 is a potent regulator of DC maturation in vivo.53 In addi-

tion, IL-12 also increases the percentages of IFNγ-producing 

cells. Therefore, the release of these cytokines can efficiently 

convert immature DCs into T cell stimulatory mature DCs.54 

The cytokine cocktail present in the DC supernatant shows 

a Th1-biased immune response. These results are consistent 

with earlier studies where MP was able to mature DCs with 

expression of markers as well as secretion of cytokines.37,39

Conclusion
In this study, we developed anti-CD205-targeted NPs for the 

subcutaneous delivery of therapeutic vaccines. PLGA NPs 

were produced by emulsification solvent evaporation method 

with suitable physicochemical properties. The low-viscosity 

ester-terminated NPs had the smallest size and suitable ZP 

among all the formulations. Compared with the Ab-free 

NPs, the functionalized PLGA NPs showed higher ability 

to recognize the CD205 receptors on DCs. The targeting 

efficiency of the Ab-adsorbed high-viscosity ester-terminated 

NPs was the highest. Among all the formulations, the ligand-

attached low-viscosity COOH-terminated NPs could mature 

the DCs most with about 50% of OV released in 24 hours. 

In addition, ligand-attached low-viscosity COOH-terminated 

NPs were also able to stimulate DCs to secret rational amount 

of cytokines. This formulation can be chosen to conduct 

in vivo vaccination experiments due to its ability to main-

tain all the other desired physicochemical properties. Taken 

together, all results support our hypothesis that anti-CD205 

Ab-modified NPs are effective in terms of in vitro DC stimu-

lation with either type of polymers depending on the aim of 

the treatment. However, researchers could also design in vivo 

experiments by choosing any of the PLGA types mentioned 

in this study. In future, we aim to subcutaneously inject the 

formulations containing OV-MP (non-targeted and targeted) 

to develop the dose–response relationship in animal models. 

Therefore, this model vaccine delivery system could be 

adapted to design a therapeutic cancer vaccine to harness a 

patient’s immune responses. 
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